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ABSTRACT 
It is well-known that the efficiency of FRP confinement is higher for circular columns 
than for non-circular columns. Circularizing a square column by bonding concrete 
segments onto the sides of the square column and then wrapping the circularized 
column with FRP is considered an effective technique in strengthening square solid 
concrete columns. However, the applicability of circularization and FRP wrapping in 
strengthening square hollow columns has not been investigated in the available 
literature. 
 
This study investigates experimentally and theoretically the behaviour of circularized 
and FRP wrapped hollow concrete columns. The main experimental program was 
designed to investigate the behaviour of circularized and FRP wrapped hollow RC 
specimens under different loading conditions. A total of 20 square hollow RC 
specimens of 150 mm x 150 mm cross-section and 800 mm height with 50 mm x 50 
mm central square hole were cast and tested. The specimens were divided into five 
groups of four columns. The specimens in the first group (N) were the square hollow 
RC specimens, which served as reference specimens. The corners of the specimens in 
the second group (RF) were rounded to 20 mm and wrapped with two layers of carbon 
FRP (CFRP). The specimens in the third group (CF) were circularized and wrapped 
with two layers of CFRP. The specimens in the fourth group (VCF) were bonded with 
vertical CFRP strap (on each side) then circularized and wrapped with two layers of 
CFRP. The specimens in the fifth group (HCF) were wrapped with one layer of CFRP 
then circularized and wrapped with two layers of CFRP. The influence of 
vi 
 
circularization, vertical CFRP straps, transverse CFRP wrapping and the load 
eccentricity (concentric axial loads, 25 mm and 50 mm eccentric axial loads and four-
point bending) were investigated. 
 
The experimental results showed that circularization increased the strength and ductility 
of the hollow specimen under different loading conditions. Transverse wrapping with 
CFRP mainly improved the performance of the specimens under concentric axial 
loadings, while the longitudinal CFRP straps mainly improved the performance of the 
specimens under eccentric axial loading. 
 
A theoretical unified strength model was developed to predict the compressive strength 
for FRP confined circular and non-circular solid and hollow concrete. The model was 
developed by regression analysis of a large number of data collected from the available 
experimental results in the literature. The model was proposed based on the predefined 
selected criteria. The proposed model covered data with unconfined concrete 
compressive strengths between 6.2 MPa and 112 MPa and confined (confined with 
different FRP materials) concrete compressive strength between 18.5 MPa and 217.3 
MPa. The accuracy of the proposed model was verified with a large number of 1154 
experimental data collected from the available literature. 
 
Based on the developed model, a theoretical study was also conducted to investigate the 
axial stress-axial strain relationships and the axial load-bending moment interactions of 
the circularized and FRP wrapped hollow concrete specimens. The results of the 
theoretical model showed good agreement with the experimental results. 
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1 INTRODUCTION 
 
1.1 Preamble 
The deterioration and degradation of civil infrastructures have become a concern during 
the last few decades because of the high cost of the construction of new structures. The 
deficiency in the existing structures is caused by environmental effects, aging of 
concrete structures, increased traffic demands, inadequate design based on old design 
codes, increased load demands and changes of the use of existing structures. Engineers 
Australia reported that the majority of the infrastructure in Australia was no higher than 
adequate and needs significant maintenance (Engineers Australia 2001). 
 
Hollow RC columns designed according to the old design codes are vulnerable to severe 
damage during the seismic events due to the insufficient shear design, flexural design, 
and low ductility. It was reported that about 35% of bridges in the USA were 
structurally deficient and needed strengthening, widening or replacement (Karbhari and 
Zhao 2000). The cost of retrofitting and upgrading the existing concrete structures is 
significantly less than the cost of reconstructing the concrete structures. 
 
Several retrofitting technique has been used for strengthening the existing deficient 
structures including strengthening with steel cages and straps, wrapping with FRP 
materials and shape modification. The use of steel in strengthening the existing concrete 
structures is undesirable due to the corrosion, debonding between steel and concrete, 
high cost and intensive use of labour during the retrofitting processes. Fibre reinforced 
polymer (FRP) has been used for the last few decades for retrofitting and upgrading 
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concrete structures. The FRP is preferred to steel as FRP possesses low weight with 
high strength and high corrosion resistance. The FRP can be used to enhance the 
performance of concrete members of different shapes under various loads, as FRP can 
be wrapped around various shapes in different directions. Wrapping FRP materials 
transversely around columns provides confinement to concrete, which increases the 
strength and ductility of the column (Yazici and Hadi 2009). However, the efficiency of 
FRP confinement is higher for circular columns than for non-circular columns 
(Kusumawardaningsih and Hadi 2010). 
 
One of the methods for strengthening square concrete columns is shape modification 
(circularization). The method involves modification of the column cross-section from 
square to circle by bonding concrete segments and wrapping the column with fibre 
reinforced polymer (FRP). Circularization increases the capacity of solid columns in 
terms of strength and ductility (Hadi et al. 2012). However, the circularization of hollow 
concrete columns has never been investigated. Therefore, to investigate the applicability 
of the shape modification (circularization) for square hollow reinforced concrete (RC) 
columns, two experimental programs were conducted in this study. The first 
experimental program was implemented by preparing and testing eight small concrete 
specimens (4 solid and 4 hollow specimens) under axial compression. The main 
experimental program (second experimental program) was conducted by testing 20 
hollow RC specimens subjected to concentric and eccentric axial loads and four-point 
bending. Test results showed that circularization was effective in increasing the strength 
and ductility of hollow concrete columns. 
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1.2 Overview 
The use of RC columns with hollow cross-sections maximizes the strength-mass and 
stiffness-mass ratios and reduces the weight demand on the foundation. Hollow RC 
columns possess high torsional and bending stiffness. Hollow RC columns are usually 
preferred when the construction of a tall column is required. The construction cost of 
the structure with hollow columns is considerably less (Sheikh et al. 2007). However, 
hollow columns may experience brittle failure due to the presence of an inner hole. 
 
Fibre reinforced polymer (FRP) has been used for the last few decades for retrofitting 
and upgrading concrete structures. The FRP is preferred to steel as FRP possesses low 
weight with high strength and high corrosion resistance. The FRP can be used to 
enhance the performance of concrete members of different shapes under various loads, 
as FRP can be wrapped around various shapes in different directions. Wrapping FRP 
materials transversely around columns provides confinement to concrete, which 
increases the strength and ductility of the column (Yazici and Hadi 2009). The 
effectiveness of FRP confinement is affected by a number of factors including the shape 
of column, number of FRP layers, orientations of FRP, load eccentricity, the type of 
column (hollow or solid) and the compressive strength of unconfined concrete. The 
behaviour of hollow concrete column is quite different from the behaviour of solid 
concrete columns due to the presence of the inner hole. Wrapping hollow concrete 
columns with FRP brings the concrete into biaxial state of stresses instead of triaxial 
state of stresses, which commonly occurs in solid columns. Therefore, FRP wrapping 
provides lower confinement for hollow columns than solid columns. 
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It is well known that wrapping FRP transversely provides higher level of confinement in 
circular columns than in non-circular columns (Rochette and Labossiere 2000; Harries 
and Carey 2003; Kusumawardaningsih and Hadi 2010; Silva 2011; Faustino et al. 2014; 
Colajanni et al. 2014). The higher confinement for a circular column than for a non-
circular column is due to the uniform distribution of confinement pressure around the 
circular cross-section. In contrast, for non-circular cross-sections, the confinement 
pressure is much higher at the corners than at the flat sides. The high confinement 
pressure at the corners causes premature failure of FRP due to stress concentrations. 
Similar to solid columns, wrapping the circular hollow columns results in better 
enhancements in strength and ductility than wrapping the non-circular hollow columns 
(Yeh and Mo 2005; Kusumawardaningsih and Hadi 2010). 
 
Wrapping non-circular concrete columns with sharp corners showed insignificant 
enhancement in strength and ductility (Mirmiran et al. 1998; Wang and Wu 2008). The 
confinement efficiency increases with the increase in corner radius (Mirmiran et al. 
1998; Rochette and Labossiere 2000; Yang et al. 2004; Al-Salloum 2007; Wang and 
Wu 2008; Silva 2011). Therefore, rounding the corners of columns before wrapping 
with FRP can increase the confinement efficiency. However, the radius of rounding the 
corners is influenced by the presence of transverse steel reinforcement. 
 
Changing a square column into a circular column before FRP wrapping may minimize 
the stress concentration and improve the confinement efficiency. Several research 
studies investigated the modification of the non-circular columns into circular or 
elliptical columns before FRP wrapping (Priestley and Seible 1995; Saadatmanesh et al. 
1997; Yan et al. 2006; Pantelides and Yan 2007; Yan and Pantelides 2011; Hadi et al. 
2012a; Pham et al. 2013; Alsayed et al. 2014). These studies on shape modification 
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revealed that changing the non-circular cross-section of the column into a circular cross-
section before FRP wrapping enhanced the performance of the FRP wrapped concrete 
columns. 
 
Columns may be subjected to eccentric axial loading due to the position of the column 
in the structure. Increasing axial load eccentricity reduces the confined parts of the 
column cross-sectional area. As a result, the axial load eccentricity reduces the 
confinement level of the FRP wrapped columns. Therefore, the confinement provided 
by FRP are achieved mainly when the column is loaded concentrically or when the axial 
load eccentricity is small (Li and Hadi 2003; Hadi 2006b; Hadi 2006a; Hadi 2007; 
Bisby and Ranger 2010). However, attaching FRP straps longitudinally on the columns 
enhances the flexural strength of columns under eccentric axial loading (Chaallal and 
Shahawy 2000; Hadi 2007; Fitzwilliam and Bisby 2010; Hadi and Widiarsa 2012; Hadi 
and Le 2014). 
 
A detailed review of the available literature shows that shape modifications were carried 
out only on square or rectangular solid columns. This study investigates the 
applicability of the circularization technique on square hollow columns. In order to 
investigate the effect of circularisation of square hollow concrete columns in increasing 
efficiency of FRP confinement, two experimental programs were conducted. In the first 
experimental program, eight small concrete specimens in two groups (four solid 
specimens and four hollow specimens) were cast and tested under axial compression. 
The specimens were constructed with 106 mm x 106 mm square cross-section and 300 
mm height. The hollow specimens had 35 mm x 35 mm square hole. The first specimen 
from each group was the reference specimen. The corners of the second specimen were 
rounded to 20 mm radius and wrapped with two layers of carbon fibre reinforced 
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polymer (CFRP). The third specimen was circularized with full length concrete 
segments and wrapped with two layers of CFRP. The fourth specimen was circularized 
with concrete segments shorter than the length of the specimen and wrapped with two 
layers of CFRP. 
 
In the main experimental program (second experimental program), a total of twenty RC 
specimens were cast and tested. The specimens were constructed with 150 mm x 150 
mm cross-section, 800 mm height and 50 mm x 50 mm square hole. Four specimens 
were non-strengthened reference specimens, four specimens had 20 mm rounded 
corners and wrapped with CFRP, four specimens were circularised then wrapped with 
CFRP, four specimens were strengthened with vertical CFRP straps then circularised 
and wrapped with CFRP sheets and four specimens were wrapped with transverse 
CFRP sheets then circularised and wrapped with CFRP sheets. The specimens were 
tested under concentric axial loads, eccentric axial loads and four-point bending. 
 
1.3 Objectives of this Study 
 
The main purpose of this study is: 
 To develop a general unified strength model for FRP confined circular and non-
circular solid and hollow concrete. 
 
 To examine the axial and flexural behaviour of circularized and FRP wrapped hollow 
RC columns subjected to concentric axial loads, eccentric axial loads and four-point 
bending. 
 
 
7 
 
 
 To examine the effect of vertical CFRP straps and transverse CFRP wrapping on 
circularised and FRP wrapped hollow RC columns under different loading 
conditions. 
 
 To construct theoretical axial stress-axial strain relationships and theoretical axial 
load-bending moment interactions for CFRP wrapped square and circularized hollow 
RC columns subjected to different loading conditions. 
 
 
 To conduct a parametric study to investigate the effect of corner radius, number of 
CFRP layers and hole size on the axial stress-axial strain relationships and the axial 
load-bending moment interactions of the CFRP wrapped square and circularized 
hollow RC columns under different loading conditions. 
 
1.4 Outline of the Thesis 
 
This study consists of ten chapters. Chapter 1 presents the background, significance and 
objectives of this study. 
 
 Chapter 2 presents the concept of confinement and a review on the behaviour of steel 
and FRP confined hollow concrete columns. The effect of the shape of concrete column 
on the efficiency of FRP confinement is discussed. The shape modification 
(circularization) of non-circular concrete columns is presented and discussed. Finally, 
the influences of the number of FRP layers, load eccentricity, vertical FRP straps and 
hole size on the efficiency of FRP confinement are briefly reviewed. 
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Chapter 3 presents the background of the existing confinement models of steel and FRP 
confined concrete columns. The design-oriented stress-strain models available in the 
literature for non-circular and circular FRP confined concrete columns are reviewed. 
 
Chapter 4 presents the development of a new design-oriented strength model for FRP 
confined circular and non-circular solid and hollow concrete columns. The experimental 
database of FRP confined concrete and the selection criteria are discussed. The validity 
of the proposed model compared to the corresponding existing models based on 
statistical comparisons is presented. 
 
Chapter 5 presents the experimental program on the behaviour of circularized and 
CFRP wrapped small solid and hollow concrete specimens under axial compression. 
The experimental program of small specimens includes the preparing and casting of 
specimens and segments, circularizing processes, wrapping with FRP and 
instrumentations and testing. 
 
Chapter 6 presents the analysis and discussion of results of the experimental program of 
small concrete specimens presented in Chapter 5. The analysis of results and discussion 
include the failure mode and the axial load-axial deformation of the circularized solid 
and hollow concrete specimens. The effect of length of concrete segments on the 
behaviour of circularized solid and hollow concrete specimens is discussed. 
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Chapter 7 presents the experimental program of the main test for the behaviour of 
circularized and CFRP wrapped square hollow RC specimens under different loading 
conditions. The experimental program of the main test includes the preparation and 
casting of specimens and segments, circularizing processes, wrapping with FRP, 
instrumentations and testing. 
 
Chapter 8 presents the analysis and discussion of the results of the experimental 
program of the main test presented in Chapter 7. The analysis of results and discussion 
include the failure mode and the axial load-axial deformation of the circularized solid 
and hollow concrete specimens. The effect of vertical CFRP straps, the effect of 
wrapping the square specimens before circularization and the effect of load eccentricity 
on the behaviour of circularized and FRP wrapped square hollow RC specimens are 
discussed. The axial load-bending moment interactions are also presented. 
 
Chapter 9 presents the theoretical axial stress-axial strain relationships of the 
circularized and CFRP wrapped hollow concrete columns subjected to concentric axial 
loads. The theoretical axial load-bending moment interactions for the CFRP confined 
RC columns constructed using the layer-by-layer integration method and the equivalent 
stress block method are presented. After verifying the theoretical results with the 
corresponding experimental results, a parametric study is conducted to investigate the 
effect of the number of CFRP layers, corner radius, and hole size on the axial stress-
axial strain relationships and axial load-bending moment interactions of CFRP wrapped 
square and circularized hollow RC columns. 
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Chapter 10 presents the main conclusions of this study and the recommendations for 
future studies. 
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2 CONFINEMENT OF HOLLOW CONCRETE COLUMN 
 
2.1 Introduction 
The increased cost of concrete structures has motivated the researchers to develop new 
techniques for retrofitting and upgrading the existing concrete structures. Hollow 
columns are one of the concrete members that may need strengthening and retrofitting. 
Fibre reinforced polymer (FRP) is a great invention that has been used for this purpose 
during the last few decades. It has been proved that the efficiency of FRP confinement 
is much lower in non-circular columns than in circular columns. Rounding the corners 
can increase the efficiency of FRP confinement for non-circular columns. However, 
rounding the corners is limited due to the presence of steel reinforcement. Circularizing 
a square column by bonding concrete segments onto the sides of the column and then 
wrapping with FRP is considered an effective technique in strengthening non-circular 
columns. Most of the existing research studies on circularization in the literature have 
been conducted on solid columns. However, the behaviour of hollow columns is more 
complicated due to the presence of the inner hole. In this chapter, the confinement of 
hollow concrete columns is reviewed. The effect of column shape on the confinement 
efficiency of FRP confinement is explained. Circularization of non-circular concrete 
columns is presented and discussed. The influences of number of FRP layers, load 
eccentricity, vertical FRP straps and hole size on confinement efficiency are also 
discussed. 
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2.2 Concept of Confinement 
It is common to use steel as conventional reinforcement in concrete structures 
considering the compatibility between these two materials. The use of longitudinal steel 
bars in reinforcing concrete members is applied in concrete structures to resist the 
tension stresses. Considère (1906) examined the effect of lateral steel confinement in 
increasing the strength and deformability of concrete, which acknowledged the benefits 
of using the transverse reinforcement in confining the concrete. The main purposes of 
the use of transverse steel reinforcement in forms of helix, circular or rectangular ties 
are to provide shear resistance, to prevent longitudinal steel bars from buckling and to 
confine the concrete. 
 
When concrete column loaded axially, the concrete will start to dilate laterally due to 
Poisson’s effect. With the increase in the applied axial load, the stress in concrete 
approaches the uniaxial strength. In this stage, the concrete experience progressive 
internal cracks leading the volume of concrete to increase. As a result, the transverse 
confining material resists the lateral expansion. The lateral confinement brings the 
concrete in solid columns into triaxial state of stresses, hence, delaying the progress of 
internal cracks. Therefore, the confined concrete sustains higher strength and larger 
deformation compared to unconfined concrete. 
 
2.3 Behaviour of Internally Confined  Hollow RC Columns 
When a hollow RC column is constructed with large cross-section, it is more convenient 
to provide these columns with two layers of longitudinal and transverse reinforcement 
placed near both inside and outside faces and tied through the wall thickness. The 
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adequate Reinforcement of hollow RC column with large cross-sections can result in 
adequate confinement. Hollow RC column with adequate confinement sustains large 
ductility during the time of seismic loads similar to solid RC columns (Zahn et al. 
1990). Hollow RC columns with small cross-section are provided with one layer of steel 
reinforcement placed near the outside face without connecting the concrete through the 
wall thickness. Therefore, the hollow RC column may experience brittle failure due to 
the unconfined concrete of the inner face (Zahn et al. 1990). 
 
For hollow RC column under flexure, the low axial load, moderate percentage of 
longitudinal reinforcement and adequate wall thickness (the inside to outside diameter 
ratio 𝐷𝑖/𝐷𝑜 not less than 15%), lead the neutral axis to pass close to the inner face (Zahn 
et al. 1990). This can result in small longitudinal strains in the unconfined concrete 
region. This could lead to ductile behaviour of the hollow column like solid column. In 
contrast, high axial load, very thin walls and high reinforcement percentage can lead the 
neutral axis to pass through the inner void in eccentrically loaded hollow column. This 
can result in a brittle failure of the column and then low ductility because of rapid 
crushing of the concrete in the compression zone and flexural strength deterioration 
(Zahn et al. 1990). 
 
Mander et al. (1983) examined the flexural strength and ductility of large size 
rectangular and circular hollow RC columns subjected to lateral cyclic loading. The 
columns were constructed with two layers of steel reinforcement. Mander et al. (1983) 
concluded that the columns behaved in a ductile manner at the inelastic range due to 
concrete confinement that was provided by the transverse steel reinforcement near both 
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the inside and the outside faces of the column. However, the hollow columns were 
provided with high amount of reinforcement compared to solid columns. 
 
Yeh et al. (2002) investigated the ductility and energy dissipation of two prototype and 
four models of hollow core square RC columns subjected to a constant axial load and a 
pseudo-static, cyclically reversed horizontal load. The columns were constructed with 
two layers of steel reinforcement. The results illustrated that the rupture of the 
longitudinal bars governed the mode of failure of the tested specimens because the shear 
failure and buckling of longitudinal bars prevented by adequate transverse 
reinforcement. The columns with higher amount of lateral steel reinforcement achieved 
higher ultimate strength and ductility. However, the columns that achieved higher axial 
load showed less ductility. 
 
2.4 FRP Confinement 
The FRP materials have been widely used in the last few decades owing to their 
availability and the high strength to weight ratio. The FRP is durable material against 
environmental effects and no traffic disruption during retrofitting processes by using 
FRP (Karbhari and Zhao 2000). The FRP materials are flexible in use because they are 
applicable to strengthen members in various directions under different loading 
conditions. The use of FRP in confining concrete reduces the cost of retrofitting with 
speed installation. The FRP is an elastic material up to failure; therefore, wrapping 
concrete with FRP provides an increased confinement with the increase in the applied 
load. Wrapping FRP around concrete columns improves the strength and ductility of the 
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columns (Nanni and Bradford 1995; Matthys et al. 2005; Li and Hadi 2003; Hadi 
2006a; Hadi 2007a; Hadi 2007b). 
 
2.5 Comparative Behaviour between Steel and FRP Confinement 
Fibre reinforced polymer (FRP) materials have advantages over steel. Steel is an elasto-
plastic material that provides confinement up to the yield. After the yield, steel provides 
constant confinement. Therefore, there is no increase in confinement as steel experience 
large deformations even with constant applied load. On the other hand, the FRP 
materials provide increased confinement with the increase in the applied load (Figure 
2.1).  
 
 
 
 
 
 
 
 
FRP material is easy to handle and install, thus minimal time and labour are required in 
site (Demers and Neale 1999). In addition, FRP materials offer better fatigue resistance 
and harsh condition than steel straps (Pantazopoulou et al. 2001). The FRP are non-
magnetic materials that do not affect some special structures. The FRP is 
environmentally non-corrosive material that can reduce the life cycle cost opposite to 
steel materials (Karbhari and Zhao 2000). It was revealed that the behaviour of steel 
confined concrete are different from that confined with FRP tubes for the same level of 
Stress 
Strain 
Carbon-FRP 
Glass-FRP 
Mild steel 
Figure 2.1 Stress-strain relationship for Carbon-FRP, Glass-FRP and steel (Teng 2002) 
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confinement ratio due to the deference of confinement effectiveness between steel and 
FRP (Samaan et al. 1998). 
 
2.6 FRP Confinement of Hollow Concrete Columns 
The FRP confinement brings the concrete in hollow column into axial and 
circumferential stresses while the radial stresses are small and decreases with the 
increase in the hole size (Fam and Rizkalla 2001). Therefore, The FRP confinement 
brings the concrete in hollow columns into biaxial state of stresses (Figure 2.2). The 
FRP confinement increased the strength and ductility of circular and non-circular 
hollow concrete columns (Mo et al. 2004; Lignola et al. 2007a; Lignola et al. 2007b; 
Yazici and Hadi 2009; Kusumawardaningsih and Hadi 2010; Hadi and Le 2014). 
However, confinement efficiency of FRP decreased with the increase in the size of the 
hole in hollow columns in term of strength, while the deformability increased resulting 
in a significant ductility enhancement (Lignola et al. 2008b). 
 
 
 
 
 
 
Modarelli et al. (2005) investigated the behaviour of FRP confined circular and non-
circular solid and hollow concrete specimens subjected to axial compression. The effect 
of cross-section shape, number of FRP layers and the effect of corner radius on the 
behaviour of FRP confined concrete specimens were examined. The CFRP and GFRP 
Figure 2.2 Concrete element under biaxial state of stresses (Zahn et al. 1990) 
a) Hoop compression in tube 
wall 
b) Stresses on wall 
element 
  
Concrete element under 
biaxial compression 
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were used as confining materials. The results showed that the FRP confinement 
increased the strength and deformation capacity of circular and non-circular hollow 
concrete specimens. The increase in ultimate strength was higher for circular specimens 
than non-circular specimens. The strength and deformation capacity of specimens 
increased with the increase in corner radius. The failure of FRP was near the corners for 
non-circular specimens. The strength and deformation of solid and hollow specimens 
increased with the increase in the number of FRP layers. 
 
Yeh and Mo (2005) investigated experimentally and numerically the retrofitting of 
CFRP confined circular and rectangular hollow RC columns. The tested columns were 
subjected to constant axial load and a cyclic reversed horizontal load. The results 
showed that the CFRP confinement was more effective for circular pier than rectangular 
pier. Yeh and Mo (2005) reported that CFRP wrapping can effectively improve the 
shear capacity and the ductility of hollow bridge piers and can successfully transform 
the failure mode from shear or flexure shear to flexure. 
 
Lignola et al. (2007a) investigated experimentally the behaviour of seven CFRP 
confined square hollow RC columns under combined axial load and bending moment. 
The columns were 360 mm x 360 mm in cross section, 60 mm wall in thickness and 
1300 mm in height.  The test results showed that the increase in load eccentricity 
reduced the confinement efficiency in terms of strength. The increase in compressive 
strength of confined concrete compared to unconfined concrete was about 7% for larger 
load eccentricity and 19% for smaller load eccentricity. On the other hand, the gain in 
ductility enhancement increased with the increase in load eccentricity. 
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Lignola et al. (2007b) conducted a study to investigate the behaviour of FRP 
strengthened hollow columns in terms of strength and ductility. Seven reduced scale 
square hollow column specimens with one layer of reinforcement tested under axial 
loads of 50, 200 and 300 mm eccentricities. The column specimens had 360x360 mm 
cross-section, 60 mm wall thickness and 3020 mm height. All column specimens were 
wrapped transversely with two layers of CFRP. Lignola et al. (2007b) assessed the 
effect of CFRP confinement and load eccentricity on the position of the neutral-axis of 
square hollow columns. Lignola et al. (2007b) reported that the effect of number of 
CFRP layers decreased with the increased eccentricity. It was also reported that CFRP 
wrapping enhanced both the strength and ductility of hollow columns. However the 
enhancement in ductility was more apparent when the columns were subjected to 
eccentric loads. While the enhancement of CFRP confined square hollow columns was 
more obvious when the column was loaded concentrically. Lignola et al. (2007b) 
showed that for small eccentricity, column cross-section was fully compressed and 
hence, the applied axial load was high. On the other hand, when the eccentricity 
increased, the neutral axis moved towards the inside of the section, which attained some 
ductility from the steel tensile property. 
 
Yazici and Hadi (2009) investigated experimentally the axial load-bending moment (P-
M) interactions of CFRP confined circular hollow RC columns. The tested columns 
subjected to concentric axial loads, 25 mm and 50 mm eccentric axial loads and four-
point bending. The results showed that the CFRP wrapped hollow columns achieved 
higher axial load and bending moment than the unconfined hollow columns. The 
increase in the load carrying capacity is more relevant in the case of CFRP strengthened 
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columns under concentric loads than that under eccentric load. The CFRP confined 
hollow columns sustained larger lateral deformation under eccentric axial loads than the 
unconfined hollow columns. The load carrying capacity decreased with the increase in 
the load eccentricity, while the ductility increased with the increase in the load 
eccentricity. 
 
Kusumawardaningsih and Hadi (2010) investigated experimentally the behaviour of 
CFRP confined solid and hollow columns subjected to concentric axial loads. The solid 
and hollow columns were constructed with different cross-sections (circular and 
square). The hollow columns were constructed with different hole shapes (circular and 
square). Kusumawardaningsih and Hadi (2010) illustrated that CFRP jacketing 
increases the axial load and axial deformation of solid and hollow columns. The CFRP 
is more effective in improving the behaviour of solid columns than hollow columns. 
 
Hadi and Yazici (2010) conducted experimental study to investigated  the effect of 
CFRP confinement on solid and hollow circular RC columns subjected to concentric 
axial loads, 25 and 50 mm eccentric axial loads and four-point bending. Hadi and Yazici 
(2010) revealed that CFRP wrapping increased the load carrying capacity and ductility 
of both solid and hollow RC columns. However, CFRP strengthened solid columns 
showed better performance than CFRP strengthened hollow columns in axial load. The 
increase in the ultimate axial load was 60.7% for CFRP confined solid column 
compared to the reference solid column and 50.9% for CFRP confined hollow column 
compared to the reference hollow column. Similar to the conclusion reported in Lignola 
et al. (2007a), Hadi and Yazici (2010) showed that the gain in load carrying capacity of 
CFRP confined circular hollow columns decreased with the increase in the load 
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eccentricity due to the increased secondary moment. On the other hand, deformation 
capacity increased with the increase in the load eccentricity. 
 
Lignola et al. (2012) proposed a multi-scale approach for shear and flexure modelling of 
hollow RC columns strengthened with CFRP. The model was proposed to predict the 
CFRP strengthened hollow RC columns in terms of strength and ductility in a step to 
develop cost and time of effective design of this type of structures. Lignola et al. (2012) 
illustrated that the strength of CFRP confined hollow concrete column decreased with 
the increase in the hole size. In addition, wrapping the columns with CFRP changed the 
failure mode of hollow column from brittle shear failure to flexural failure. The 
proposed model showed good agreement with the experimental results available in the 
literature. 
 
Hadi and Le (2014) investigated the benefit of vertical FRP straps for hollow core 
square RC columns. In this study, twelve specimens were wrapped with different fibre 
orientations (transverse, vertical and aligned) and tested under different load 
eccentricities (0, 25 mm and 50 mm). The results showed that the transverse CFRP 
layers increased the ductility of concrete column under both concentric and eccentric 
loads, but strength enhancement was marginal under eccentric loads. CFRP wrapping at 
angles ±450 and 900 increased the axial load capacity of strengthened columns greater 
than that of hoop direction under eccentric loads. The contribution of vertical FRP 
straps to the load carrying capacity increased with the increase in load eccentricity, 
while there was no contribution under concentric loads. The ductility enhancement was 
more relevant than the load carrying capacity of CFRP- wrapped columns at angle 
rather than hoop direction. 
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2.7 Behaviour of FRP Confined Hollow Columns Compared to Solid Columns 
For solid columns, FRP confinement generates inward radial pressure. Therefore, FRP 
confinement brings the concrete into triaxial state of stresses. While for hollow 
columns, the FRP confinement brings the concrete into biaxial state of stresses. For the 
same reasons, the FRP confined solid columns have better improvement than hollow 
RC columns in terms of strength and ductility (Fam and Rizkalla 2001; Modarelli et al. 
2005; Wong et al. 2008; Kusumawardaningsih and Hadi 2010; Hadi and Yazici 2010). 
Furthermore, the mode of failure in hollow columns is more brittle than solid columns 
due to the unconfined concrete cover near the inner hole. 
 
2.8 Effect of Cross-Section on Confinement Efficiency of FRP Confined Concrete 
Column 
Wrapping FRP transversely provides higher level of confinement for circular solid 
columns than non-circular solid columns (Rochette and Labossiere 2000; Harries and 
Carey 2003; Si Youcef et al. 2010; Silva 2011; Colajanni et al. 2014; Faustino et al. 
2014). The confinement pressure is uniform for circular columns. In contrast, for non-
circular columns, the confinement is highest at corners and negligible in the flat sides. 
Therefore, the FRP confinement causes stress concentration at the corners that can 
results in premature failure of FRP. In addition, the FRP at the corners is engaged more 
by flexural stiffness rather than the tensile stiffness of the thin jacket. Furthermore, the 
confined area is higher for circular columns than non-circular columns. The confined 
area of columns is as shown schematically in Figure 2.3. Similar to solid columns, the 
efficiency of FRP confinement is higher for circular hollow columns than non-circular 
hollow columns (Kusumawardaningsih and Hadi 2010; Modarelli et al. 2005; Yeh and 
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Mo 2005). The FRP confinement pressure was uniform across the cross-section of 
circular hollow specimens and was non-uniform for non-circular hollow concrete 
specimens subjected to axial compression. The rupture of FRP was near the corner for 
non-circular concrete specimens (Modarelli et al. 2005). CFRP confinement was more 
effective for circular hollow RC columns than rectangular hollow RC columns 
subjected to constant axial load and a cyclic reversed horizontal load (Yeh and Mo 
2005). 
 
 
 
 
 
 
 
 
 
Kusumawardaningsih and Hadi (2010) reported that CFRP wrapped circular solid and 
hollow columns achieved better performance than the CFRP wrapped square solid and 
hollow columns, respectively. The CFRP strengthened hollow columns either circular 
or square with circular hole have greater performance than the CFRP confined circular 
and square hollow columns with square hole. One solution to increase the efficiency of 
FRP confinement for non-circular concrete columns is rounding the corners before FRP 
wrapping. The effect of corner radius is briefly discussed below. 
 
Figure 2.3 Effective confined concrete core of cross-section reinforced with FRP 
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Mirmiran et al. (1998) and Wang and Wu (2008) showed insufficient effect of FRP 
confinement to increase the strength and ductility for columns with sharp corners. For 
columns with small corner radius, the fracture of FRP near the corners dominated the 
failure mode due to the high stresses in these regions. The increase in corner radius 
increased the efficiency of FRP confinement (Mirmiran et al. 1998; Rochette and 
Labossiere 2000; Yang et al. 2004; Al-Salloum 2007; Wang and Wu 2008; Silva 2011; 
Pham and Hadi 2013). Pham and Hadi (2013) recommended that the minimum corner 
radius of rectangular column should be not less than 20 multiplied by the nominal 
thickness of the FRP materials. However, rounding the corners of RC columns is 
limited due to the presence of steel reinforcement. Therefore, changing the shape of 
non-circular concrete column into circular by adding concrete into the initial column 
and FRP wrapping is an effective strengthening method to increase the efficiency of 
FRP confinement. 
         
2.9  Circularization of FRP Confined Non-circular Concrete Columns 
Mitigation of the effect of corner sharpness on FRP confinement efficiency can be 
achieved by modifying the square and rectangular cross sections into circular or 
elliptical one as illustrated in Figure 2.4. 
 
 
  
 
  Figure 2.4 Shape modifications of square and rectangular sections 
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Priestley and Seible (1995) investigated experimentally the shape modification by 
bonding precast concrete bolsters to the solid square column and wrapping the new 
circular column with FRP. Priestley and Seible (1995) found that the shape modification 
enhanced the performance of columns. 
 
Tanwongsval et al. (2003) investigated the effect of shape modification on the 
behaviour of GFRP confined rectangular concrete wall-like reinforced concrete 
columns. The tested specimens strengthened with and without the presence of sustained 
loads. The rectangular columns were modified into semi-circular by adding high 
strength and non-shrinkage concrete mortar into the short sides. The results showed that 
the confinement efficiency increased after modifying the cross-section shape compared 
with the reference columns and GFRP wrapped columns. The increase in the ultimate 
load capacity compared to the reference columns was 20% for the modified columns 
under sustained load and 30% for modified columns tested without sustained load. 
 
The effect of carbon fibre sheet (CFS) on the confinement of reinforced concrete 
columns with various cross section geometries of the tested columns graded from 
square to circular (square, octagonal and circular) and different orientations, was 
investigated by Kim et al. (2003). Converting the column cross section from square to 
octagonal and then wrapping with CFS was also examined. The tested columns were 
subjected to compressive axial load. The results showed that both circular and octagonal 
cross section concrete columns confined with CFS showed similar compressive strength 
with slightly greater enhancement for circular cross section, while the square cross 
section showed the lowest due to the stress concentration. In addition, converting the 
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cross section of column from square to octagonal shape resulted in higher load carrying 
capacity and ductility. 
 
Yan et al. (2006) investigated experimentally the strengthening of non-circular concrete 
columns by modifying the cross sectional shape of the square and rectangular RC 
columns into circular and oval cross sections, respectively. The columns were modified 
with post-tensioned FRP shell and expansive cement. The behaviours of square and 
rectangular modified concrete columns were compared with the behaviours of initial 
square and rectangular concrete columns wrapped with FRP without modification. The 
results showed that the modified columns achieved higher compressive strength, axial 
strain and energy absorption compared to the reference columns. The stress-strain 
behaviour changed from softening to hardening after shape modification. It was found 
that the columns modified with post-tensioned FRP shells and expansive cement 
achieved higher axial strain capacity than the square columns wrapped with FRP. The 
aspect ratio of the modified columns largely influenced the effectiveness of the shape 
modification. Yan et al. (2006) reported that the rectangular columns with aspect ratio 
of 2:1 and 3:1 showed moderate increase in strength and strain after shape modification. 
 
Yan et al. (2007) investigated experimentally the behaviour of shape modified non-
circular concrete columns. The square and rectangular concrete columns were changed 
into circular and elliptical columns, respectively. Two methods were used for the shape 
modification. In the first method, the non-circular columns were modified by adding 
non-shrinkage cement grouts and FRP wrapping. In the second method, expensive 
cement grout was used to fill the gap between the non-circular columns and the 
prefabricated FRP shells. Yan et al. (2007) reported that, after the shape modification, 
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the stress-strain behaviour of column changed from softening to hardening. Modifying 
the shape of square and rectangular columns with prefabricated post-tensioned FRP 
shell changed the confinement from passive to active. The modified columns achieved 
higher axial strength capacity and axial strain capacity than the columns before the 
shape modification. Similar results to that concluded in Yan et al. (2007) were reported 
in Yan and Pantelides (2011). Yan and Pantelides (2011) conducted a parametric study 
to investigate the most effective modification shape of the rectangular concrete columns 
in terms of axial strength and axial strain. The parametric study showed that the 
optimum shape of the modified rectangular columns is the oval shape. Changing the 
rectangular columns with large aspect ratio into circular was undesirable due to the high 
cost and the large foundation enlargement. 
 
Hadi et al. (2012) modified the square solid column into circular one by adding four 
precast concrete segments on the sides of the square column and wrapped the modified 
column with CFRP. Circularizing the square column with precast concrete segments is 
effective in reducing the cost of labour from rounding the corners of columns in real 
structures. In addition, preparing the precast concrete covers in the factory increases the 
efficiency of the concrete segments. Hadi et al. (2012) used the same concrete strength 
for the columns and the segments. The columns in Hadi et al. (2012) were subjected to 
concentric axial loads, 15 and 25 mm eccentric axial loads and four-point bending. The 
results showed that the circularization of square column and CFRP wrapping enhanced 
the performance of the column in terms of strength and ductility. The increase in the 
eccentricity of the applied load led to the decrease in load capacity of the columns. Hadi 
et al. (2012) observed a full bond between the column and bonded segments after 
failure. 
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Pham et al. (2013) used the circularization technique that was proposed by Hadi et al. 
(2012) to investigate the effect of strength of concrete segments (40, 80 and 100 MPa) 
on the behaviour of the FRP confined circularised square RC solid column. The 
columns in Pham et al. (2013) were subjected to concentric axial loads, 25 and 50 mm 
eccentric axial loads and four-point bending. The test results showed that the increase in 
the strength of concrete segments resulted in higher load carrying capacity of the 
circularized columns. The increase in load eccentricity resulted in lower load capacity 
of the column. Pham et al. (2013) observed that the column and segments worked as 
composites up to failure and there was full bond between the column and bonded 
segments after failure. 
 
Alsayed et al. (2014) investigated experimentally and numerically the behaviour of 
CFRP strengthened reinforced concrete wall-like column under axial compression. The 
cross-section of the tested specimens was changed from rectangular to elliptical by 
adding cement mortar to the rectangular column and the modified column was wrapped 
with FRP. The results showed that the failure of specimens initiated by concrete 
segments’ delamination followed by concrete core crushing and then longitudinal steel 
buckling after maximum load. Modifying the shape of column resulted in 42%, 340%, 
respectively, increase in the axial load capacity and ductility compared to the 
unconfined columns. The stress of longitudinal and transvers steel reinforcement in the 
modified columns decreased in about 20% compared to that in unconfined columns. 
The stress distribution of transverse reinforcement was constant along the long and 
short sides of the modified columns, while it was larger along the long side than the 
shorter side in unconfined columns. 
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Zeng et al. (2017) prepared and tested 33 column specimens under axial compression. 
The specimens were divided into one unconfined square specimens tested as reference 
column specimen, 8 fully FRP confined square column specimens with corner radius of 
25 mm and 24 column specimens circularized with four concrete segments. The 
modified specimens were either partially or fully wrapped with FRP. Different vertical 
spacing were selected for the wrapping including 30, 45 and 90 mm and full wrapping. 
The specimens were wrapped with 1, 2 and 3 layers of FRP.  The unconfined concrete 
strength of the specimens was 24.3 MPa. The unconfined strength of the concrete was 
either 24.3 or 60.3 MPa. Zeng et al. (2017) showed that circularizing the square 
specimens and FRP wrapping enhanced significantly the strength and deformation of 
the column specimens. The increase in the spacing between the wrapping strips resulted 
in the decrease in axial stress. The partially wrapped circularized specimens with 50% 
volumetric ratio of FRP achieved comparable ultimate axial stress and ultimate axial 
strain to the corresponding fully wrapped square specimens. 
 
The above research studies on shape modification were conducted on solid concrete 
columns. Jameel et al. (2017) investigated the behaviour of circularized and CFRP 
wrapped solid and hollow concrete columns subjected to axial compression. Jameel et 
al. (2017) adopted the circularization method proposed in Hadi et al. (2014) by 
attaching precast concrete segments on the sides of square specimen then wrapping the 
circularized specimen with two layers of CFRP. The specimens circularized either with 
concrete segments shorter than the length of column or with full-length concrete 
segments. The same concrete patch was used for the column specimens and the precast 
segments. The results showed that circularization increased the strength and ductility of 
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hollow specimens similar to solid specimens. Circularization with full-length concrete 
segments showed higher performance in strength and ductility than the circularization 
with concrete segments shorter than the length of the specimen. 
 
Hadi et al. (2017) investigated the behaviour of circularized and CFRP wrapped hollow 
RC columns subjected to different loading conditions. Hadi et al. (2017) changed the 
square hollow RC columns into circular by bonding precast concrete segments onto the 
sides of the square columns. The results showed that the circularization increased axial 
load, ductility and bending moment capacities of CFRP confined square hollow RC 
columns under concentric and eccentric axial loads and four-point bending. 
 
2.10 Parameters that Influence the Behaviour of FRP Confined Concrete Columns  
The above literature revealed that there are number of parameters that influence the 
efficiency of FRP confinement for solid and hollow concrete columns. The influences 
of cross-section and corner radius on the efficiency of FRP confinement have been 
discussed. However, the review of literature revealed that no study in the literature has 
been conducted on the influence of corner radius on the behaviour of FRP confined 
hollow concrete columns. Some other parameters include the number of FRP layers, 
eccentric load, the vertical FRP straps and hole size are briefly discussed below. 
 
2.10.1 Number of FRP Layers  
A number of research studies reported that the increase in the number of FRP layers 
resulted in higher confinement efficiency in terms of load carrying capacity and 
ductility (Li et al. 2006; Parvin and Jamwal 2006; Wang and Wu 2008; Si Youcef et al. 
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2010). However, Li and Hadi (2003) showed that the influence of number of FRP layers 
is marginal for eccentrically loaded concrete columns. Hadi (2007a) showed that the 
higher number of vertical straps improved the FRP confinement of eccentrically loaded 
columns. Modarelli et al. (2005) reported that the strength and deformation of hollow 
concrete specimens increased with the increase in the number of FRP layers. Lignola et 
al. (2007b) revealed that the effect of number of CFRP layers decreased with the 
increased eccentricity for hollow concrete columns. 
 
2.10.2 Load Eccentricity 
In structures, most of the existing concrete columns sustain at least lower level of 
eccentricity due to construction mistakes, location of concrete column, unbalanced 
applied load or settlement of the structure. Bank (2006) has revealed that the strength 
enhancement is only significant when the failure mode of FRP confined concrete 
members dominated by compression failure. When the eccentricity increased the effect 
of transverse FRP is reduced due to the generated secondary bending moment (Wang 
and Wu 2008; Yazici and Hadi 2009; Hadi and Widiarsa 2012; Hadi and Yazici 2010). 
 
Li and Hadi (2003), Hadi (2006a), Hadi (2006b), Hadi (2007a) and Bisby and Ranger 
(2010) reported that the increase in load eccentricity reduced confinement efficiency of 
solid concrete columns. Bisby and Ranger (2010) showed that the increase in load 
eccentricity was more effective in reducing the strength of confined solid concrete 
columns compared to unconfined solid concrete columns. Parvin and Wang (2001) 
showed that the load eccentricity resulted in non-uniform confinement pressure across 
the column cross-section and reduced the efficiency of FRP confinement. 
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With the increased eccentricity, the efficiency of FRP confined square hollow concrete 
columns decreased in term of strength while ductility increased (Lignola et al. 2007a). 
Similar conclusions were conducted in Yazici and Hadi (2009) and Hadi and Yazici 
(2010) for circular hollow RC columns. 
   
2.10.3 Vertical FRP Straps  
Transverse FRP wrapping increases the shear strength, compressive strength and 
ductility of concrete columns in (Nanni and Bradford 1995; Mirmiran and Shahawy 
1997; Chaallal et al. 1998; Sim et al. 2005; Hadi 2007a; Jayaprakash et al. 2009). 
Vertical FRP straps enhances the flexural strength and concrete confinement 
performance in terms of strength and ductility for columns subjected to eccentric 
loading (Chaallal and Shahawy 2000; Li and Hadi 2003; Hadi 2007a; Fitzwilliam and 
Bisby 2010; Hadi and Widiarsa 2012;  Hadi and Le 2014; Rahai and Akbarpour 2014). 
When it is perfectly restricted by external transverse layers, vertical FRP straps can 
contribute directly to the load carrying capacity of the column (Tan 2002; Li et al. 2006; 
Fitzwilliam and Bisby 2010) through three mechanisms. Firstly, transverse FRP can 
prevent the lateral buckling of longitudinal FRP straps. Secondly, the axial stress can 
transfer from the wrapped concrete to the bonded FRP materials through the adequate 
bonding or the interfacial friction. Additionally, when the failure mechanism of 
wrapped concrete influenced by the concrete dilatation and in-plane shear, and because 
the vertical straps failure controlled by transverse tensile failure only, therefore, the 
vertical FRP straps can contribute to the load carrying capacity of columns subjected to 
concentric axial loads (Li et al. 2006). However, Hadi and Le (2014) revealed that the 
vertical FRP straps did not contribute to the strength of hollow columns subjected to 
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concentric axial loads. Adding vertical FRP straps can reduce the effect of increased 
curvature of the column through ensuring more uniformity of the FRP stresses 
distribution (Quiertant and Clement 2011). 
 
2.10.4 Hole Size 
Studies conducted on the behaviour of FRP confined hollow concrete columns showed 
the increase in hole size resulted in lower confinement efficiency of square and circular 
hollow concrete columns in terms of strength while the ductility increased with the 
increased hole size (Lignola et al. 2008a; Lignola et al. 2012). This can be explained by 
the conclusion reported in Fam and Rizkalla  (2001) that the radial stresses decreases 
with the increase in the hole size. 
 
2.11 Summary 
This chapter illustrated the behaviour of hollow RC columns. The behaviour of hollow 
columns wrapped with FRP and the comparative behaviour between confined solid and 
hollow columns were reviewed. The effects of cross-section and corner radius on the 
confinement efficiency of FRP confined concrete columns were presented. Rounding 
the corner radius as solution to increase the confinement efficiency was found to be 
ineffective strengthening method due to the existence of steel. Therefore, circularization 
and FRP wrapping was presented and reviewed as an effective strengthening method for 
non-circular solid columns. The above literature review shows that shape modifications 
were carried out only on non-circular solid columns and no study was conducted on the 
circularization of non-circular hollow concrete columns. Therefore, the investigation on 
the applicability of circularization for square hollow concrete columns is required to fill 
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the gap in this field. Other parameters that influence the confinement efficiency 
included the number of FRP layers, load eccentricity, vertical FRP straps and hole size 
were illustrated. 
 
In the next chapter, existing confinement model developed by researchers for FRP 
confined concrete are presented. The well-known design-oriented stress-strain models 
are illustrated. The FRP design-oriented models that developed to predict the ultimate 
strength and corresponding strain for circular, non-circular or unified confinement 
models are reviewed and summarized. 
 
 
34 
 
   
3 EXISTING FRP CONFINEMENT MODELS OF CONCRETE 
COLUMNS 
 
3.1 Introduction 
Transverse steel and FRP wrapping provides passive confinement for concrete column 
under compression loads by resisting the lateral expansion of concrete due to Poisson’s 
effect. Confinement enhances the stress-strain behaviour of concrete and increases the 
ultimate strength and corresponding strain. Studies in the literature showed that the 
behaviour of FRP confined concrete is different from that of steel confined concrete. 
Therefore, the models developed for steel confined concrete cannot be used for FRP 
confined concrete. To fill this gap, different confinement models have been developed 
for FRP confined concrete to predict the stress-strain behaviour and to determine the 
ultimate strength and corresponding strain of confined circular and non-circular 
concrete columns. In this chapter, the confinement models developed for FRP 
confinement are reviewed. The design-oriented models developed for FRP confined 
circular and non-circular solid and hollow concrete columns are presented and 
explained. 
 
3.2 Steel Confinement Models  
The review of literature revealed that sufficient provision of transvers steel 
reinforcement in the form of stirrups or helices enhances the behaviour of concrete 
columns. The confined concrete sustains higher ultimate strength and higher ultimate 
strain than unconfined concrete. Many researchers proposed models to predict the 
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behaviour of RC concrete and to determine the ultimate strength and strain of circular 
and non-circular columns. 
 
Richart et al. (1928) investigated the effect of confinement on the behaviour of concrete 
column in term of strength. Richart et al. (1928) reported that restraining the concrete 
transversely by steel reinforcement reduced the lateral dilation and results in the 
increase in the axial compressive strength. The restriction of concrete dilation was 
applied by hydrostatic confinement pressure. Richart et al. (1928) proposed a new 
formula to determine the confined concrete strength and confined concrete strain based 
on the experimental results of testing helically confined concrete cylinders under tri-
axial compression: 
 
𝑓𝑐𝑐
´ =  𝑓𝑐𝑜
´ +  4.1 𝑓𝑙                                                         (3.1) 
 
ԑ𝑐𝑐 =  ԑ𝑐𝑜 [1 + 5 (
𝑓𝑙  
𝑓𝑐𝑜´
)]                                                  (3.2) 
 
Where,  𝑓𝑐𝑐
´  is the confined concrete strength, 𝑓𝑐𝑜
´  is unconfined concrete strength, 𝑓𝑙 is 
the lateral confining pressure, ԑ𝑐𝑜 is the unconfined concrete strain at 𝑓𝑐𝑜
´   and ԑ𝑐𝑐 is the 
confined concrete strain at 𝑓𝑐𝑐
´ . 
 
Mander et al. (1988) proposed his confinement model (Figure 3.1) for circular and 
rectangular transverse reinforcement shapes based on the equation developed by 
Popovics (1973) as: 
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𝑓𝑐 =
𝑓𝑐𝑐
′  𝑥 𝑟
𝑟 − 1 + 𝑥𝑟
                                                   (3.3) 
 
𝑥 =
ԑ𝑐
ԑ𝑐𝑐
                                                              (3.4) 
 
𝑟 =  
𝐸𝑐
𝐸𝑐 − 𝐸𝑠𝑒𝑐
                                                          (3.5) 
 
Mander et al. (1988) determined the lateral effective confinement pressure as: 
 
𝑓𝑙
´ =  𝐾𝑒 𝑓𝑙                                                                  (3.6) 
 
The effective coefficient of confinement (𝐾𝑒) was proposed for circular and rectangular 
columns to calculate the effective area of confinement of concrete in the midway 
between the transverse reinforcement. For circular column, concrete core was assumed 
fully confined and the confinement stresses are uniform across the cross-section. From 
equilibrium, the lateral effective confinement pressure was determined as: 
 
𝑓𝑙
´ =  
1
2
 𝐾𝑒 𝜌𝑠 𝑓𝑠𝑦                                                           (3.7) 
 
𝜌𝑠  =  
4𝐴𝑠𝑡
𝑑𝑠 𝑠
                                                                 (3.8) 
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Where 𝑓𝑠𝑦, is the yield strength of transverse steel reinforcement, 𝐴𝑠𝑡 is the area of 
transverse steel, 𝑠 is the distance between centre to centre of the adjacent transverse 
steel reinforcement and 𝑑𝑠 is the centre to centre diameter of circular steel 
reinforcement. 
 
 
 
 
 
 
 
 
The effective confinement area and the area of concrete core were determined as follow: 
 
For circular helix and ties:  
 
𝐴𝑒 =  
𝜋
4
 (1 −
𝑠´
2𝑑𝑠
 )2 =   
𝜋
4
 𝑑𝑠
2 (1 −
𝑠´
2𝑑𝑠
 )2                                       (3.9) 
 
𝐴𝑐𝑐  =  
𝜋
4
 𝑑𝑠
2 (1 − 𝜌𝑐𝑐)                                                   (3.10) 
 
Figure 3.1 Stress-strain model for unconfined and confined 
concrete (Mander et al. 1988) 
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For rectangular ties: 
 
𝐴𝑒 =  (𝑏𝑐𝑑𝑐 − ∑
(𝑤𝑖)
2
6
𝑛
𝑖=1
) (1 −
𝑠´
2𝑏𝑐
) (1 −
𝑠´
2𝑑𝑐
)                         (3.11) 
 
𝐴𝑐𝑐 =  𝑏𝑐𝑑𝑐 ( 1 − 𝜌𝑐𝑐)
2                                         (3.12) 
 
𝐾𝑒 =  
𝐴𝑒
𝐴𝑐𝑐
                                                            (3.13) 
 
Where 𝜌𝑐𝑐 is the ratio of longitudinal steel bars to the cross-section area of concrete 
core, 𝑤𝑖 represents the ἱth clear distance between two adjacent longitudinal steel bars, 
𝑏𝑐 and 𝑑𝑐 are the centre to centre dimensions of the rectangular transverse steel 
reinforcement, where 𝑏𝑐 is larger than or equal to  𝑑𝑐. 
 
Mander et al. (1988) adopted the five-parameter multi-axial failure surface described in 
Willam and Warnke (1975) to propose a new model to determine the ultimate 
compressive strength (𝑓𝑐𝑐
´ ). The ultimate compressive strength and corresponding strain 
in Mander et al. (1988) were expressed in Equation 3.14 and Equation 3.15, 
respectively: 
 
𝑓𝑐𝑐
´ =  𝑓𝑐𝑜
´  (−1.254 +  2.254 √1 +
7.94 𝑓𝑙
´
𝑓𝑐𝑜´
   −  2
𝑓𝑙
´
𝑓𝑐𝑜´
)                 (3.14) 
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ԑ𝑐𝑐 =  ԑ𝑐𝑜 [1 + 5 (
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
− 1)]                                    (3.15) 
 
3.3 FRP Confinement Models 
The increased use of FRP as the preferred materials in confining concrete structures 
motivated the researchers to simulate the interaction between the concrete and the FRP. 
FRP confinement enhances the stress-strain behaviour and increase the ultimate 
compressive strength and corresponding strain of the confined concrete compared to the 
unconfined concrete. Many researchers developed models to predict the stress-strain 
behaviour of FRP confined concrete under axial compression. The accuracy of the 
developed models depend upon the range of parameters of the material include: corner 
radius, number of FRP layers, unconfined compressive strength of concrete tensile 
strength and corresponding strain of FRP. The stress-strain models are classified into 
analysis-oriented models and design-oriented models. 
 
3.3.1 Analysis-Oriented FRP Confinement Stress-Strain Models 
The analysis-oriented models are incremental iterative numerical approach models. The 
analysis-oriented models consider the compatibility of strain between the concrete and 
the confinement materials and the equilibrium of forces of the concrete and the 
confinement material. Therefore, the analysis-oriented models are applicable for wider 
range of the FRP confined concrete than the design-oriented models. The models 
developed by Saadatmanesh et al. (1994), Mirmiran and Shahawy (1996), Spoelstra and 
Monti (1999), and Jiang and Teng (2007) are analysis-oriented models for FRP 
confined concrete. 
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3.3.2 Design-Oriented FRP Confinement Stress-Strain Models 
The design oriented FRP confinement models are defined as a simple closed form 
models developed based on the regression analysis of test results. In design-oriented 
models, the accuracy depends on the size of experimental data and the range of 
parameters of these data. This type of models deals with each material as single 
composite parameter. The design-oriented models represent the majority of the 
available stress-strain models. 
 
The typical stress-strain behaviour of FRP confined concrete is the bilinear curve. The 
first part of the curve represents the unconfined concrete and the second part of the 
curve represents the confined concrete and between the first and the second parts there 
is a transition point. Different types of design-oriented stress-strain models proposed in 
the literature: parabolic, bilinear and combined parabolic bilinear curves. The design-
oriented models are classified based on the geometry of the first branch of unconfined 
concrete, second branch of confined concrete and the transition between the two curves. 
 
3.3.2.1 Type-1 Design-Oriented FRP Confinement Stress-Strain Models 
The first type is a parabolic stress-strain curve developed to describe steel confined or 
actively confined concrete (Fardis and Khalili 1982; Saadatmanesh et al. 1994). The 
parabolic stress-strain models do not accurately simulate the typical bilinear stress-
strain behaviour of FRP confined concrete (Figure 3.2). 
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3.3.2.2 Type-2 Design-Oriented FRP Confinement Stress-Strain Models 
The second type of design-oriented stress-strain models is a simple model that 
represented by two straight lines intersect at the transition point that is approximately 
unconfined concrete strength (𝑓𝑐𝑜
´ ) and corresponding strain (ɛ𝑐0) (Figure 3.3). This type 
of models used in (Demers and Neale 1999; Xiao and Wu 2000). This model does not 
accurately capture the actual stress-strain behaviour of FRP confined concrete. 
 
 
 
 
 
 
 
Figure 3.2 Type-1 design-oriented stress-strain model (Ozbakkaloglu et al. 2013) 
Figure 3.3 Type-2 design-oriented stress-strain model (Ozbakkaloglu et al. 2013) 
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3.3.2.3 Type-3 Design-Oriented FRP Confinement Stress-Strain Models 
The third type of design-oriented stress-strain models represented by parabola for the 
first part and a straight line for the second part in the stress-strain curve (Figure 3.4). 
This type is more accurate in simulating the behaviour of FRP confined concrete than 
the straight line in first and second types. This type is represented in three types (A, B 
and C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Type-3 design-oriented stress-strain model (Ozbakkaloglu et al. 2013) 
(a) Type (A)  
(c) Type (C)  
(b) Type (B)  
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In Type-A (Figure 3.4a), the first part modelled by using a parabolic formula in 
Hognestad et al. (1955) and used by Matthys et al. (2006) and Youssef et al. (2007). In 
Type-B (Figure 3.4b), the stress-strain curve developed based on the four parameters in 
Richard and Abbott (1975) and used by Samaan et al. (1998) and Lam and Teng 
(2003b). The first part in this stress-strain curve is modelled with a slope equivalent to 
𝐸1 which is the modulus of elasticity of the unconfined concrete. The second part is 
modelled with a slope equivalent to 𝐸2. The transition between the first and the second 
parts is controlled by a curve-shape parameter (𝑛). In Type-C (Figure 3.4c), (Toutanji 
1999), the slope of the first part is parabolic with slope of 𝐸1 . The slope 𝐸2 of the linear 
elastic second part is the tangential slope at the intersection between the first and second 
parts. 
 
The most familiar design-oriented stress-strain model for FRP confined concrete in the 
literature is the model developed by Lam and Teng (2003a) (Figure 3.5) which is 
applicable for circular and non-circular concrete columns. 
Figure 3.5 Stress-strain model of FRP confined concrete (Lam and Teng 2003b) 
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The design-oriented stress strain model of Lam and Teng (2003a) has been adopted by 
(ACI 440.2R-08; ACI 440.2R-012) to predict the strength of FRP confined concrete 
columns in the hoop direction and has been used in a wide range in the literature. This 
model was developed from the model of Richard and Abbott (1975). It is a simple 
model to estimate the compressive strength and the ultimate axial strain of FRP 
confined concrete columns. This model is based on biaxial stress-strain curve with 
smooth transition zone. The stress-strain curve is parabolic in the first part and linear in 
the second part. The slope of the first part is the same of the elastic modulus of 
unconfined concrete. The compressive strength and the ultimate axial strain of the 
confined concrete intersect in the peak point of the second linear ascending branch. The 
actual rupture strain of the FRP used in this model. This model has been developed 
from the stress strain model by Lam and Teng (2002), which is based on circular cross-
section and then extended to circular and rectangular cross sections by Lam and Teng 
(2003a). 
 
Based on the assumptions of the proposed model, the stress-strain model of FRP 
confined concrete is given as: 
 
𝜎𝑐 = {  
𝐸𝑐εc  −  
((𝐸𝑐 − 𝐸2))
2
4𝑓𝑐𝑜´
 εc
2                 for  0 ≤   εc   ≤  εt                        (3.16)
𝑓𝑐𝑜
´ +  𝐸2εc                                            for  εc  ≤  εt  ≤  εcu                       (3.17)
 
 
 
Where 𝜎𝑐 is the axial stress and εc  is the corresponding axial strain. 
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𝐸2 =  
𝑓𝑐𝑐
´ − 𝑓𝑐𝑜
´
εcu
                                                            (3.18) 
 
𝜀𝑡 =   
2𝑓𝑐𝑜
´  
𝐸𝑐 − 𝐸2
                                                             (3.19) 
 
where 𝜀𝑡  is the smooth transition where the parabolic first portion meets the linear 
second portion, E2 is the slope of the linear second portion. 𝐸𝑐  is the modulus of 
elasticity. The 𝐸𝑐was calculated according to ACI 318 M-2011 (ACI 2011) as: 
 
𝐸𝑐 =  4730 √𝑓𝑐𝑜´                                                          (3.20) 
 
Lam and Teng (2002) proposed a confinement model to predict the strength of FRP 
confined circular concrete columns based on the triaxle state of stresses. 
 
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
=  1 + 2  
  𝑓𝑙
𝑓𝑐𝑜´
                                                           (3.21) 
 
were  𝑓𝑙 is the equivalent confining pressure to the enclosed circular area, which was 
determined as: 
 
  𝑓𝑙  =  
2𝑓𝑓𝑟𝑢𝑝𝑡
𝐷
                                                            (3.22) 
where: 
𝑓𝑓𝑟𝑢𝑝 =  𝐸𝑓𝑟𝑝 ԑ𝑓𝑟𝑢𝑝                                                   (3.23) 
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Where 𝐸𝑓𝑟𝑝 is the elastic modulus of FRP, ԑ𝑓𝑟𝑢𝑝 is the rupture strain of FRP, 𝑓𝑓𝑟𝑢𝑝, and 
t are the rupture stress and the nominal thickness of FRP, respectively, and D is the 
diameter of column. 
 
ԑ𝑓𝑟𝑢𝑝  =   𝑘ԑ ԑ𝑓𝑟𝑝                                                          (3.24) 
 
where  𝑘ԑ is the strain efficiency factor which was taken as 0.586. 
 
The strain of FRP confined concrete was determined as: 
 
𝜀𝑐𝑢 = 𝜀𝑐𝑜 [1.75 + 12 
𝑓𝑙
𝑓𝑐𝑜´
 (
ԑ𝑓𝑟𝑢𝑝
𝜀𝑐𝑜
)
0.45
]                                 (3.25) 
 
where 𝜀𝑐𝑢 is the ultimate strain at ultimate strength of FRP confined concrete. 
 
For circular columns, the confinement is fully effective because of the uniform 
confining pressure as shown in Figure 3.6. On the other hand, for non-circular column, 
FRP confinement act on the concrete section through arching actions and the 
confinement pressure is much higher in corners the flat sides. Therefore, the confined 
area of concrete was represented by the area contained by the four-second degree 
parabolas. 
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Lam and Teng (2003a) developed the confinement model in Lam and Teng (2002) to 
predict the strength of circular and non-circular FRP confined concrete columns by 
introducing the shape factor 𝑘𝑎 into Equation 3.21 as follows: 
 
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
= 1 + 3.3 𝑘𝑎  
 𝑓𝑙
𝑓𝑐𝑜´
                                                (3.26) 
 
𝑘𝑎 = (
𝑏
ℎ
)2  
𝐴𝑒
𝐴𝑐
                                                      (3.27) 
 
𝐴𝑒
𝐴𝑐
 =  
1 − ((𝑏 − 2𝑅𝑐)
2 +  
(ℎ − 2𝑅𝑐)
2
3𝐴𝑔
) − 𝜌𝑠𝑐
1 − 𝜌𝑠𝑐
                          (3.28) 
 
Figure 3.6 Confinement action of: (a) Concrete and (b) FRP jacket  
 
(a) (b) 
  ƒ𝑙 
  
2𝑅 
𝐸𝑓𝑟𝑝tε𝑓𝑟𝑝 𝐸𝑓𝑟𝑝tε𝑓𝑟𝑝 
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where 𝑅𝑐 is the corner radius which is equal to 𝐷/2 for a circular column, 𝐴𝑔 is the 
gross section area and 𝜌𝑠𝑐 is the longitudinal steel reinforcement divided by the gross 
area. 
 
The diameter 𝐷 in Equation 3.22 was determined for non-circular column by Lam and 
Teng (2003a) (Figure 3.7) as: 
 
 𝐷 = √𝑏2 + ℎ2                                                      (3.29) 
 
where 𝑏 and ℎ are the width and the height of the cross-section of non-circular column, 
respectively. 
 
 
 
 
 
 
 
 
Figure 3.7 The equivalent circular section from the rectangular section 
(Lam and Teng 2003a) 
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Lam and Teng (2003a) extended the confinement model in Lam and Teng (2002) to 
predict the strain of circular and non-circular FRP confined concrete columns by 
introducing the shape factor 𝑘𝑠 into Eq. 5 as follows: 
 
𝜀𝑐𝑢 = 𝜀𝑐𝑜 [1.75 + 12𝑘𝑠  
𝑓𝑙
𝑓𝑐𝑜´
 (
𝜀𝑓𝑟𝑢𝑝
𝜀𝑐𝑜
)
0.45
]                                          (3.30) 
 
𝑘𝑠 = (
𝑏
ℎ
)
0.5
 
𝐴𝑒
𝐴𝑐
                                                      (3.31) 
 
3.4  Existing Models for FRP Confined Circular and Non-circular Solid and Hollow 
Concrete Columns 
A large number of research studies proposed FRP confinement models to predict the 
ultimate confined concrete compressive strength for circular and non-circular solid 
concrete columns. The models developed for FRP confinement hollow columns are 
limited. In this section, a review of literature of the strength model of FRP confined 
concrete columns is presented. The majority of the existing FRP strength models are 
based on the confinement model proposed by Richart et al. (1928). Some of the existing 
FRP confinement models for circular and non-circular solid and hollow concrete 
columns are summarized below. 
 
3.4.1 Ilki et al. (2004) 
Ilki et al. (2004) proposed unified model to predict the compressive strength of FRP 
confined concrete circular and non-circular concrete specimens. The model was 
proposed based on the experimental results conducted by the authors to investigate the 
influence of corner radius and specimen’s aspect ratio on the behaviour of FRP confined 
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low-strength concrete specimens subjected to axial compression. A total number of 14 
circular specimens of 150 mm diameter and 300 mm height and 32 non-circular 
concrete specimens of 150 mm width and 300 mm height were prepared and tested. The 
non-circular concrete specimens were constructed with different corner radius of 10, 20 
and 40 mm and different aspect ratios (depth-to-width) of 1, 1.5, 2 and 3. The strength 
of concrete was between 6 MPa and 10 MPa. The compressive strength of FRP 
confined concrete was determined as: 
 
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
=  1 + 2.4 (
 𝑓𝑙,𝑚𝑎𝑥
𝑓𝑐𝑜´
)
1.2
                                          (3.32) 
 
 𝑓𝑙,𝑚𝑎𝑥 =  
 𝜅𝑎 𝜌𝑓 ԑ𝑓𝑟𝑝 𝜅ԑ 𝐸𝑓
2
                                         (3.33) 
 
where  𝜅𝑎 is efficiency factor of confined area and was determined in Equation 3.34,  𝜌𝑓 
is the ratio of FRP confinement and was determined in Equation 3.35,  ԑ𝑓𝑟𝑝 is the 
ultimate strain of FRP determined by coupon test,  𝜅ԑ is the strain efficiency factor was 
assumed to be 0.7 and  𝐸𝑓 is the modulus of elasticity of FRP. 
 
 𝜅𝑎 = 1 − 
(𝑏 − 2𝑅)2 + (ℎ − 2𝑅)2
3𝑏ℎ
 tanθ −
(4 − 𝜋)2𝑅2
𝑏ℎ
−  𝜌ᵍ                 (3.34) 
 
 𝜌𝑓 =  
2(𝑏 + ℎ) 𝑡𝑓
𝑏ℎ − (4 − 𝜋)𝑅2
                                                  (3.35) 
 
where 𝜃 is the arching angle and was assumed to be equal to 45𝑜 and was assumed to be 
equal to 1 for circular concrete specimens. 
 
The ultimate strain of FRP confined circular and non-circular concrete specimens was 
determined as: 
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ԑ𝑐𝑐
ԑ𝑐𝑜
=  1 + 20 (
ℎ
𝑏
) (
 𝑓𝑙,𝑚𝑎𝑥
𝑓𝑐𝑜´
)
0.5
                                   (3.36) 
 
3.4.2 Toutanji et al. (2009) 
Toutanji et al. (2009) proposed a simple design-oriented model to predict the ultimate 
strength of FRP confined non-circular concrete columns. The proposed model was 
developed by considering the conclusions of the experimental results conducted by the 
authors and existing studies that the increase in aspect ratio of concrete column reduces 
the confinement efficiency of FRP while the increase in corner radius of concrete 
column increases the confinement efficiency of FRP. The proposed model was 
developed based on the linear model proposed by Richart et al. (1928) as: 
 
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
= 1 + 4 𝑘𝑐2𝑘𝑐3  
 𝑓𝑙
𝑓𝑐𝑜´
                                                    (3.37) 
 
Where 𝑘𝑐2 and 𝑘𝑐3 are the coeffiecient of variation in corner radius and aspect ratio, 
respectively. The 𝑘𝑐2 and 𝑘𝑐3 are determined in Equation (3.38) and Equation (3.39), 
respectively as: 
 
𝑘𝑐2 = (
2𝑅
𝐷
)
0.1
                                                     (3.38) 
 
𝑘𝑐3 = (
ℎ
𝑏
)
0.13
                                                    (3.39) 
 
The maximum lateral confining pressure  (𝑓𝑙,𝑚𝑎𝑥) was determined as: 
 
 𝑓𝑙,𝑚𝑎𝑥 =  
 𝐸𝑓 ԑ𝑓𝑟𝑝 𝜅ԑ
𝐷
                                              (3.40) 
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Where the strain efficiency factor  (𝜅ԑ) was used to be equal to 0.43. 
 
3.4.3 Wu and Wang (2009) 
Wu and Wang (2009) developed a unified strength model for FRP confinement strength 
model to predict the ultimate compressive strength for FRP confined square and circular 
concrete columns. The proposed model was established by a regression with the 
experimental data for FRP confined square and circular column in the literature and was 
limited to data with normal strength unconfined concrete. The square columns had 
corner radius varied between 0 for sharp corners and 𝐷/2 for circular columns. The 
proposed model was developed based on two conclusions: the FRP confined concrete 
strength is proportionally influenced by corner radius (Wang and Wu 2008) and there is 
no gain in the strength for FRP confined concrete with sharp corners: 
 
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
=  1 + 2.23𝜌0.73 (
 𝑓𝑙
𝑓𝑐𝑜´
)
−0.04
                                         (3.41) 
 
𝜌 =  
2𝑅
𝑏
                                                                     (3.42) 
 
 𝑓𝑙 =  
2  𝐸𝑓𝑟𝑝  ԑ𝑓𝑢 𝑡
𝑏
                                                      (3.43) 
 
where 𝑏 is the width for square column and the diameter of circular column. In this 
model, the ultimate rupture strain from coupon test was used for FRP. The developed 
model showed good agreement with the experimental data compared to the existing 
strength models. However, the proposed model was not applicable for rectangular 
columns. 
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3.4.4 Wu and Wei (2010) 
Wu and Wei (2010) extended the strength model proposed by Wu and Wang (2009) 
which was proposed for FRP confined circular and square concrete columns to include 
the FRP confined rectangular concrete columns. The proposed model was developed 
based on the experiment results conducted by the authors to investigate the influence of 
the cross sectional aspect ratio on the behaviour of 45 FRP confined non-circular 
concrete column under axial compression. The model was developed by including the 
effect of aspect ratio ( 𝐾𝑎𝑠) of rectangular columns in to Equation 3.41 proposed in Wu 
and Wang (2009) as: 
 
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
=  1 + 2.23𝜌ᵠ (
 𝑓𝑙
𝑓𝑐𝑜´
)
ƥ
 𝐾𝑎𝑠                                   (3.44) 
 
 𝐾𝑎𝑠 =  (
ℎ
𝑏
)
𝛾
                                                    (3.45) 
 
The parameters ᵠ, ƥ and 𝛾 in Equation 3.44 were modified based on regression analysis 
of experimental data available in the literature. Therefore, the equation was: 
 
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
=  1 + 2.2 (
2𝑅
𝑏
)
0.72
(
 𝑓𝑙
𝑓𝑐𝑜´
)
0.94
(
ℎ
𝑏
)
−1.9
                         (3.46) 
 
3.4.5 Wei and Wu (2012) 
Wei and Wu (2012)  developed the model proposed by Wu and Wang (2009) to predict 
the strength for square, rectangular and circular concrete columns confined with CFRP, 
GFRP and AFRP by introducing the cross-sectional aspect ratio to Equation 3.41 as 
follow: 
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𝑓𝑐𝑐
´
𝑓𝑐𝑜´
=  1 + 2.23𝜌0.73 (
 𝑓𝑙
𝑓𝑐𝑜´
)
−0.04
(
ℎ
𝑏
)
−1.9
                            (3.47) 
 
where 𝑏 and  ℎ are the smaller and larger side of rectangular column, respectively, and 
((
ℎ
𝑏
) = 1) for circular column. 
 
The strain model developed by Wu and Wang (2009) was: 
 
ԑ𝑐𝑐
ԑ𝑐𝑜
=  1.75 + 12 (
 𝑓𝑙
𝑓𝑐𝑜´
)
0.75
(
 𝑓30
𝑓𝑐𝑜´
)
0.62
(0.36
2𝑅
𝑏
+ 0.64) (
ℎ
𝑏
)
−0.3
                  (3.48) 
 
where  𝑓30 is the strength of unconfined concrete of Grade 𝐶30. 
 
3.4.6 Yazici and Hadi (2012) 
Yazici and Hadi (2012) proposed FRP confinement model to predict the ultimate axial 
strength circular solid and hollow concrete columns based on the recommendation of 
the FRP confinement models in ACI 440.2R (ACI 2008). The FRP confinement model 
in Yazici and Hadi (2012) was developed based on the assumptions that; the maximum 
axial confined strain (𝜀𝑐𝑐) was restricted to 0.01. A value of 0.002 was assumed for the 
unconfined concrete strain (𝜀𝑐𝑜). Strain efficiency factor was taken as 0.55. A minimum 
value of 0.08 was taken for confinement ratio (𝑓𝑙/𝑓𝑐𝑜
´ ). A value of 0.0145 was used for 
strain failure (𝜀𝑓𝑢) by taking the average of testing 85 samples of CFRP coupons. The 
maximum value of confinement ratio was taken as 0.16 according to the maximum limit 
of axial confinement strain (𝜀𝑐𝑐 = 0.01). 
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Based on the above assumptions the ultimate axial compressive strength and 
corresponding strain of FRP confined concrete was determined in Yazici and Hadi 
(2012) in Equations 3.49 and Equations 3.50, respectively: 
 
𝑓𝑐𝑐
´ =  (1 + 0.033 𝐾𝑁)𝑓𝑐𝑜
´                                           (3.49) 
 
ԑ𝑐𝑢 =  (1 + 0.17 𝐾𝑁)ԑ𝑐𝑜                                           (3.50) 
 
𝐾𝑁 =
2𝐸𝑓  𝑡𝑓
𝐷 𝑓𝑐𝑜´
                                                      (3.51) 
 
The model in Yazici and Hadi (2012) was extended hollow specimens by introducing 
the coefficient factor (𝛽) which was explained in Fam and Rizkalla (2001) and Lignola 
et al. (2008) into Equation 3.49 and Equation 3.50 as: 
 
𝑓𝑐𝑐
´ =  (1 + 0.033 𝐾𝑁)𝑓𝑐𝑜
´ 𝛽                                          (3.52) 
 
ԑ𝑐𝑢 =  (1 + 0.17 𝐾𝑁)ԑ𝑐𝑜𝛽                                           (3.53) 
 
𝛽 = 1 − 
𝐷ℎ
2
𝐷𝑜2
                                                       (3.54) 
Where 𝐷ℎ and 𝐷𝑜 are the inner diameter of the hole and the diameter of column, 
respectively. 
 
3.4.7 Wu and Wei (2014) 
Wu and Wei (2014) proposed a general unified model to predict the ultimate strength of 
steel and FRP confined circular concrete columns. The proposed model covered 
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different types of FRP included: CFRP, AFRP, high strength CFRP and high modulus 
CFRP. The model covered data with unconfined concrete strength between 6.2 and 
111.8 MPa. Based on the regression of the experimental data, the ultimate compressive 
strength and corresponding strain of FRP confined concrete were determined as in 
Equation 3.55 and Equation 3.56, respectively: 
 
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
=  0.75 + 2.7 (
 𝑓𝑙
𝑓𝑐𝑜´
)
0.9
                                           (3.55) 
 
ԑ𝑐𝑢
ԑ𝑐𝑜
=  1.75 + 140 (
 𝑓𝑙
𝑓𝑐𝑜´
)
0.9
(ԑ𝑓𝑟𝑝)
0.6
                                 (3.56) 
 
3.4.8 Pham and Hadi (2014) 
Pham and Hadi (2014) proposed strength model to determine the compressive strength 
of FRP confined circular concrete columns. The model was proposed based on the 
artificial neural networks (ANNs) for experimental data base of FRP confined columns 
with unconfined concrete strength between 15 and 170 MPa. The proposed model 
covered different types of FRP included: CFRP, GFRP, AFRP, high modulus CFRP, 
CFRP tube, AFRP tube and high modulus CFRP tube. The parameters used to build the 
proposed model included the unconfined concrete strength, the confinement pressure 
and the thickness of FRP to the diameter of column ratio as follow: 
 
𝑓𝑐𝑐
´ =  0.7𝑓𝑐𝑜
´ + 1.8 𝑓𝑙 + 5.7
𝑡
𝑑
+ 13                                     (3.57) 
 
Where  𝑓𝑙 is calculated in Equation 3.22 using is the actual rupture strain of FRP ( ԑ𝑓𝑟𝑝). 
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3.5 Summary 
This chapter focused on the existing models developed to predict the behaviour of FRP 
confined concrete columns. The design oriented stress-strain models and the analysis 
oriented stress-strain models are illustrated. The well-known design oriented stress-
strain models are reviewed. The confinement models developed to predict the strength 
and corresponding strain of FRP confined concrete that were appropriate either circular 
or non-circular concrete columns are presented. Also, the unified FRP confinement 
models for circular and non-circular concrete columns are explained. The review of 
literature reveals that most of confinement models were proposed for circular solid 
columns. However, most of existing columns are constructed with non-circular cross-
section. The unified design-oriented FRP confinement models that were developed for 
solid and hollow columns are limited. While, no unified design-oriented model in the 
literature has been proposed for circular and non-circular solid and hollow concrete 
columns. 
 
The next chapter presents a general unified model to predict the ultimate strength for 
FRP confined circular and non-circular solid and hollow concrete columns. The general 
unified model is developed based on the regression analysis of large number of data 
covers most of the existing studies in the literature. The general unified model covers 
data with unconfined concrete strength between 6.2 MPa and 112 MPa and different 
confinement materials. 
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4 UNIFIED FRP CONFINEMENT MODEL FOR CIRCULAR AND 
NON-CIRCULAR SOLID AND HOLLOW CONCRETE 
SPECIMENS 
 
4.1 Introduction 
Investigations on shape modification demonstrated that circularization and FRP 
wrapping increased the strength and ductility of non-circular confined concrete. The 
research studies on circularization revealed that the column and segments worked as 
composite up to failure. In other words, the circularized and FRP wrapped specimens 
behave like their counterpart’s FRP confined circular specimens. Therefore, the FRP 
confinement models for circular specimens can be applied for circularized specimens. 
However, there is no unified FRP model for circular and square solid and hollow 
concrete columns that can predict the strength of solid and hollow columns before and 
after circularization. 
 
In this chapter, a general unified model is proposed to predict the FRP confined 
concrete strength for solid and hollow concrete specimens with circular and non-circular 
cross-sections. Unconfined concrete compressive strength varying between 6.2 MPa to 
112 MPa is covered in the proposed model. Different material (Carbon FRP sheets 
(CFRP), Aramid FRP sheets (AFRP), Glass FRP sheets (GFRP), High Modulus Carbon 
(HMCFRP), CFRP tube, AFRP tube, GFRP tube and HMCFRP tube) are included as 
confinement materials. The accuracy of the proposed model was verified with a huge 
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number of 1154 experimental data collected from the available literature. The database 
was categorized into groups according to the cross-section shape (circular and non-
circular), unconfined concrete compressive strength (normal, concrete strength ≤ 
50MPa and high, concrete strength > 50 MPa) and type of specimen (solid and hollow). 
The proposed model was compared with the existing models related to each group to 
examine the validity of the proposed model. The proposed unified model can be used to 
theoretically investigate the effect of corner radius from 0 to circular or circularized 
specimen, the effect of hole size, the effect of concrete compressive strength from 6.2 
MPa to 112 MPa and the effect of number of FRP layers. 
 
4.2 Review of Available Circular and Non-Circular FRP Confined Concrete 
Models 
A large number of studies proposed FRP confinement models to predict the ultimate 
strength for concentrically loaded concrete columns. Most of the existing confinement 
models were developed to predict the behaviour of FRP confined normal strength solid 
concrete columns (Lam and Teng 2002; Lam and Teng 2003a; Jiang and Teng 2007; 
Teng et al. 2009). Few models were developed to predict the behaviour of FRP confined 
high strength solid concrete columns (Berthet et al. 2005; Mandal et al. 2005; Cui and 
Sheikh 2010; Xiao et al. 2010; Pham and Hadi 2014). Pham and Hadi (2014) proposed 
FRP confinement model to cover a wide range of FRP confined concrete with 
unconfined concrete from normal to high strength circular concrete. The model in Pham 
and Hadi (2014) was developed based on Artificial Neural Network (ANN) and covered 
concrete confined with CFRP, GFRP, AFRP, HMCFRP, CFRP tube AFRP tube and 
HMCFRP tube. Xiao et al. (2010) proposed unified FRP confinement model for normal 
and high strength circular solid concrete based on the regression analysis of 
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experimental data. Also, a number of research studies developed models to predict the 
behaviour of FRP confined non-circular solid columns (Toutanji et al. 2009; Wu and 
Wei 2010). Several studies defined a unified FRP confined model for solid concrete 
with circular and non-circular cross-sections (Razvi and Saatcioglu 1999; Chun and 
Park 2002; Lam and Teng 2003a; Ilki et al. 2004; Marques et al. 2004; Jiang and Teng 
2007; Teng et al. 2007; Wei and Wu 2012). Lignola et al. (2008a) developed a unified 
design oriented stress-strain model for solid and hollow concrete columns. The model in 
Lignola et al. (2008a) was an iterative method developed based on the compatibility 
between the concrete and confining materials. 
 
There is no model in the available literature applicable to investigate the effect of corner 
radius from 0 to circular, the effect of hole sizes of hollow specimens including solid 
specimens, the effect of concrete strength and the effect of number of FRP layers on the 
behaviour of FRP confined concrete specimens. Therefore, developing a general FRP 
confinement model for circular and non-circular (specimens before and after 
circularization) solid and hollow concrete columns with normal and high unconfined 
concrete compressive strength is necessary. In this chapter the available experimental 
database of FRP confined columns are compiled and a design oriented FRP confined 
strength model is proposed. 
 
4.3 Confinement Compressive Strength Models for FRP Confined Circular and 
Non-Circular Solid and Hollow Concrete Columns 
A number of research studies developed confinement models considering the active 
confinement to predict the ultimate confinement strength and corresponding strain 
(Richart et al. 1928; Mander et al. 1988; Imran and Pantazopoulou 1996; Candappa et 
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al. 1999; Sfer et al. 2002). In these models the concrete cylinders were subjected to 
increased axial compression loading with constant confining pressure ( 𝑓𝑙) applied by 
hydraulic confinement technique and kept constant during loading. However, the FRP 
confinement is passive in nature as the confinement materials restrict the lateral 
expansion of concrete with the increased applied load. 
 
Richart et al. (1928) developed an active confinement concrete model to determine the 
ultimate confinement strength and corresponding strain with unconfined concrete 
strength from 20 to 50 MPa as: 
 
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
= 1 + 𝑘1
 𝑓𝑙
𝑓𝑐𝑜´
                                                                   (4.1) 
 
ԑ𝑐𝑐
ԑ𝑐𝑜
= 1 + 5 
𝑓𝑙  
𝑓𝑐𝑜´
                                                                (4.2) 
 
It was reported that the active confinement theory, when the lateral confinement is kept 
constant during loading, is applicable for passive steel confined concrete (Imran and 
Pantazopoulou 1996). Based on the similar assumptions in Imran and Pantazopoulou 
(1996), most of the FRP confinement models in the literature were based on the model 
in Richart et al. (1928) for passively confined concrete with different values of 
confinement effectiveness coefficient (𝑘1) (Matthys 2000; Xiao and Wu 2000; Pessiki 
et al. 2001; De Lorenzis and Tepfers 2003; Harries and Carey 2003; Rousakis et al. 
2003; Lam and Teng 2004; Berthet et al. 2005; Lam et al. 2006; Jiang and Teng 2007; 
Cui 2009; Benzaid et al. 2010). 
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The lateral confinement pressure (𝑓𝑙) is a function of diameter of concrete, the modulus 
of elasticity of FRP and strain of FRP. As the diameter of concrete, the modulus of 
elasticity and the unconfined concrete strength are the parameters of the tested 
specimens, therefore, the confinement effectiveness coefficient (𝑘1) and the ultimate 
rupture strain are the controlling variables in these models. In other words, FRP 
confinement strength is a function of confinement effectiveness coefficient (𝑘1) and the 
strain efficiency factor of FRP 𝑘ԑ. 
 
4.3.1 Confinement Effectiveness Coefficient (𝒌𝟏) 
In Richart et al. (1928) a constant value of 4.1 was assumed for confinement 
effectiveness coefficient (𝑘1). Similar to Richart et al. (1928), a number of research 
studies proposed their models considering constant value of confinement effectiveness 
coefficient (𝑘1) in which a linear relationship was proposed between the confined 
concrete compressive strength (𝑓𝑐𝑐
´ ) and the lateral confining pressure  (𝑓𝑙) (Miyauchi et 
al. 2000; Lam and Teng 2002; Lam and Teng 2003b; Berthet et al. 2005; Ilki 2006; Wu 
et al. 2006; Jiang and Teng 2007; Teng et al. 2007). 
 
Other research studies proposed their equations based on linear and non-linear 
relationship between the confined concrete compressive strength and lateral 
confinement pressure in which (𝑘1) is a function of the lateral confinement pressure 
 (𝑓𝑙) (Mirmiran and Shahawy 1997; Samaan et al. 1998; Saafi et al. 1999; Toutanji 
1999; Ilki et al. 2004; Wu and Wang 2009; Wei and Wu 2012). Table 4.1 shows 
different values of the confinement coefficient factor (𝑘1). 
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Table 4.1 Values of the confinement coefficient factor (𝑘1) 
Study 
Column 
cross-
section 
Confinement effectiveness 
coefficient (𝐾1) 
Richart et al. (1928) Circular 4.1 
Mander et al. (1988) Circular and 
non-circular 
2.254
( 𝑓𝑙/𝑓𝑐𝑜´ )
[√1 + 7.94
 𝑓𝑙
𝑓𝑐𝑜´
− 1] − 2.0 
Mirmiran and Shahawy (1997) Circular 4.269( 𝑓𝑙)
−0.413 
Samaan et al. (1998) Circular 6.0( 𝑓𝑙)
−0.3 
Saafi et al. (1999)  2.2 (
 𝑓𝑙
𝑓𝑐𝑜´
)
−0.16
 
Toutanji (1999) Circular 3.5 (
 𝑓𝑙
𝑓𝑐𝑜´
)
−0.15
 
Lam and Teng (2002) Circular 2 
Lam and Teng (2003b)  3.3 
Ilki et al. (2004) Circular and 
non-circular 
2.4 (
 𝑓𝑙
𝑓𝑐𝑜´
)
0.2
 
Wu and Wang (2009) Circular and 
square 
2.23 (
2𝑅
𝑏
)
0.73
(
 𝑓𝑙
𝑓𝑐𝑜´
)
−0.04
 
Benzaid et al. (2010) Circular 1.6 
Wei and Wu (2012) Circular and 
non-circular 
2.2 (
2𝑅
𝑏
)
0.72
(
 𝑓𝑙
𝑓𝑐𝑜´
)
−0.06
 
Wu and Wei (2014) 
Circular 
(0.75 + 2.7 (
 𝑓𝑙
𝑓𝑐𝑜´
)
0.9
) (
 𝑓𝑙
𝑓𝑐𝑜´
)
−1
− 1 
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4.3.2 Strain Efficiency Factor, 𝒌ԑ 
It was proved that the strain rupture of FRP is lower than the strain from coupon test 
when it was used as a wrapping material for columns. The higher strain for FRP in 
coupon test than that wrapped around concrete is due to the bending action that reduces 
the efficiency of the thin FRP as the FRP is engaged by flexural stiffness and tensile 
stiffness when wrapped around concrete columns. To simulate the rupture strain of 
wrapping materials, an efficiency factor was proposed. Therefore, a large number of 
research studies determined the strain efficiency factor of FRP 𝑘ԑ (Matthys 2000; Xiao 
and Wu 2000; Pessiki et al. 2001; De Lorenzis and Tepfers 2003; Harries and Carey 
2003; Lam and Teng 2003a; Rousakis et al. 2003; Lam and Teng 2004; Berthet et al. 
2005; Lam et al. 2006; Jiang and Teng 2007; Cui 2009; Benzaid et al. 2010; Smith et al. 
2010). Lam and Teng (2003b) used a value of 0.586 according to experimental 
calibration of CFRP confined concrete cylinders. However, research studies on FRP 
confinement showed experimentally that the FRP strain may have a higher value 
depending on the type of wrapping material, number of layers and the shape of confined 
columns. 
 
Harries and Carey (2003) reported that the strain efficiency of FRP was 0.7 and 0.9, 
respectively, for 3 and 9 ply wrapping of specimens. Similar results were provided by 
Kestner (1998). Harries and Carey (2003) revealed experimentally that the strain 
efficiency factor depends on the confinement level which is higher for circular columns 
than non-circular columns. Therefore, using a specific value for  𝑘ԑ may not result in 
acceptable predictions. Rocca (2007) showed that, for non-circular specimens, the FRP 
strain efficiency factor at corners varied from 0.51 to 0.8 and the in-situ strain at the 
location of rupture varied from 0.5 to 0.98. From the above literature, the strain 
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efficiency factor varies from 0.274 to 1.133 for FRP confined concrete columns. 
Ozbakkaloglu and Lim (2013) proposed an equation to determine the strain efficiency 
factor 𝑘ԑ for CFRP, AFRP, GFRP, HMCFRP, CFRP tube, AFRP tube, GFRP tube and 
HMCFRP tube as: 
 
𝑘ԑ = 0.9 − 2.3 𝑓𝑐𝑜
´  x 10−3 − 0.75 𝐸𝑓𝑟𝑝  x 10
−6                                    (4.3) 
 
where  𝑓𝑐𝑜
´   and  𝐸𝑓𝑟𝑝 in MPa 
 
Ozbakkaloglu and Lim (2013) showed that the hoop rupture strain of FRP is influenced 
by the unconfined concrete strength and the modulus of elasticity of the wrapping 
material. 
 
4.4. Criteria for Selected Database 
The database in this study includes solid and hollow FRP confined concrete specimens 
with circular and non-circular cross-sections subjected to axial compression. The 
specimens in the database were confined with different confinement materials: CFRP, 
AFRP, GFRP, HMCFRP, CFRP tube, AFRP tube, GFRP tube and HMCFRP tube. The 
unconfined concrete compressive strength of the specimens in the database varied 
between 6.2 MPa to 112 MPa. The criteria adopted for selection of specimens in the 
database are: 
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1. Only the specimens subjected to axial compression were included, therefore, the 
specimens subjected to eccentric loading and flexural loadings were excluded from 
the database as the eccentric loading reduces the strength and strain capacity of the 
concrete specimen. 
2.  Only the specimens wrapped with FRP in the hoop direction were included. 
3. Steel reinforced concrete specimens were excluded. 
4. Only the specimens wrapped with continuous FRP sheets or tubes were included. 
5. Specimens with premature failure were excluded. 
  
4.5 Database of FRP Confined Circular and Non-Circular Solid Concrete 
Columns 
A total of 1118 data points (801 circular specimens and 317 non-circular specimens) of 
FRP confined solid concrete specimen were selected from 50 experimental research 
studies available in the literature. The database of non-circular FRP confined specimens 
includes 228 square specimens and 89 rectangular specimens. The corner radius of non-
circular specimens varied between 5 mm to 60 mm. The aspect ratio (ℎ 𝑏⁄ ) of the cross 
section of non-circular specimens varied between 1 and 2.7. The dimensions of cross-
section of square specimens in the database varied between 100x100 mm and 648x648 
mm. The database of circular specimens was classified to 638 FRP wrapped specimens 
with unconfined concrete strength from 6.2 MPa and 50 MPa and 172 specimens with 
unconfined concrete strength from 50 MPa to 112 MPa. The specimens were confined 
with different FRP materials. The diameter of circular specimens varied between 51 mm 
to 406 mm. The parameters of the database include diameter of circular specimens or 
width and height of cross-section of non-circular specimens, the corner radius of non-
circular specimens, unconfined concrete strength, FRP tensile strength, modulus of 
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elasticity FRP, thickness of FRP layer, number of FRP layers, confined concrete 
strength and confined concrete strain. The database was collected to verify the proposed 
strength model for FRP confined circular and non-circular concrete specimens. Tables 
A.1, A.2 and A.3 in the appendix present the assessed experimental database of circular 
solid concrete specimens with normal unconfined concrete compressive strength, 
circular solid concrete specimens with high unconfined concrete compressive strength, 
non-circular solid concrete specimens, respectively. 
 
4.6 Database of FRP Confined Circular and Non-Circular Hollow Concrete 
Columns 
A total of 36 data points (12 non-circular specimens and 24 circular specimens) of FRP 
confined hollow concrete specimen selected from 5 experimental studies available in 
the literature. The database of non-circular specimens includes 5 rectangular specimens 
and 7 square specimens. The aspect ratio (ℎ 𝑏⁄ ) of the cross section of non-circular 
specimens varies between 1 and 2. The specimens were wrapped with different FRP 
materials. The unconfined concrete strength varies between 28.35 MPa to 58 MPa. The 
database was collected to verify the proposed strength model for FRP confined circular 
and non-circular hollow concrete specimens. The parameters included diameter for 
circular specimens or width and height of cross-section for non-circular specimens, the 
corner radius of non-circular specimens, size of hole. unconfined concrete strength, FRP 
tensile strength, modulus of elasticity of specimen, thickness of FRP layer, number of 
FRP layers and confined concrete strength and corresponding strain. Table A.4 and 
Table A.5 in the appendix A present the assessed experimental database of the selected 
circular and non-circular hollow specimens, respectively. 
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4.7 Developing a General Unified FRP Confinement Model 
The developed model in this study is a linear relationship between the unconfined 
concrete strength and the confinement effectiveness coefficient based on the 
confinement model proposed in Richart et al. (1928). The proposed model was 
developed by regression analysis of the experimental database of 801 FRP confined 
circular solid concrete columns. The database covers unconfined concrete compressive 
strength from 6.2 MPa to 112 MPa and different confinement materials. The 
confinement effectiveness coefficient in this study was determined as: 
 
𝑘1 = 6.48ε𝑓𝑟𝑝
−0.3 [0.41 − 𝑓𝑐𝑜
´
𝑓𝑐𝑜
´ − 77.75
𝑓𝑐𝑜´
2
+ 77.75
]
0.17
                                      (4.4) 
 
Ozbakkaloglu and Lim (2013) reported that the strain efficiency factor 𝑘ԑ is a function 
of the strength of unconfined concrete and the elastic modulus of the confining 
materials. The strain efficiency factor in this study was determined by regression 
analysis of 801 experimental data points as: 
 𝑘ԑ = (1.31 − 2.3 𝑓𝑐𝑜
´  x 10−3 − 0.75 𝐸𝑓𝑟𝑝  x 10
−6)        0.585 ≤  𝑘ԑ ≤ 0.9   (4.5) 
The proposed strain efficiency factor is applicable for different types of FRP: CFRP, 
AFRP, GFRP, HMCFRP, CFRP tube, AFRP tube, GFRP tube and HMCFRP tube. The 
proposed equation of strain efficiency factor is applicable for FRP confined concrete 
with unconfined concrete strength that varies between 6.2 MPa to 112 MPa. 
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Based on the regression analysis with the experimental data, the unconfined concrete 
compressive strength was reduced with a reduction factor ɸ as: 
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
= ɸ + 𝑘1
 𝑓𝑙
𝑓𝑐𝑜´
                                                         (4.6) 
The reduction factor (ɸ) was determined as a function of failure tensile strength of FRP 
from coupon test as: 
ɸ = 0.89 ( ε𝑓𝑟𝑝)
−0.017
                                                       (4.7) 
 
The value of ɸ was found to be between 0.9 and 1 for database in this study. 
 
By combining Equations 4.4, 4.6 and 4.7, the expression of the FRP confined model for 
circular solid specimens was given as: 
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
= 0.89 ( 𝜀𝑓𝑟𝑝)
−0.017
+ 6.48ε𝑓𝑟𝑝
−0.3 [0.41 − 𝑓𝑐𝑜
´
𝑓𝑐𝑜
´ − 77.75
𝑓𝑐𝑜´
2
+ 77.75
]
0.17
 
𝑓𝑙
𝑓𝑐𝑜´
            (4.8) 
 
Equation 4.8 is a function of the confinement pressure (𝑓𝑙) for circular and non-circular 
solid and hollow concrete confined with different FRP confinement materials. 
 
4.8 Verification of the Proposed Model with the Experimental Database Points 
and the Existing FRP Models in the Literature 
The confined concrete compressive (𝑓𝑐𝑐
´ ) for each specimen in the database was 
determined using the proposed model and the relevant models available in the literature 
to evaluate the validity of the proposed model compared to the existing models. The 
experimental database was classified according to the unconfined concrete compressive 
strength, confinement materials and the cross-section. The accuracy of the proposed 
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model compared to the existing models was evaluated using two statistical methods, 
i.e., the Average Absolute Error (𝐴𝐴𝐸) and the Average Sum of Squared Errors (𝑀𝑆𝐸). 
The 𝐴𝐴𝐸 and 𝑀𝑆𝐸 were expressed in Equations 4.9 and 4.10, respectively as: 
𝐴𝐴𝐸 =  
∑ |
𝑓𝑐𝑐,𝑃
´ (𝑖) − 𝑓𝑐𝑐,𝐸𝑋.
´ (𝑖)
𝑓𝑐𝑐,𝐸𝑋.
´ (𝑖)
|𝑁𝑖=1
𝑁
                                                (4.9) 
 
𝑀𝑆𝐸 =  
∑ (
𝑓𝑐𝑐,𝑃
´ (𝑖) − 𝑓𝑐𝑐,𝐸𝑋.
´ (𝑖)
𝑓𝑐𝑐,𝐸𝑋.
´ (𝑖)
)
2
𝑁
𝑖=1
𝑁
                                         (4.10) 
 
where, 𝑓𝑐𝑐,𝑃
´ (𝑖) is the predicted confined concrete strength, 𝑓𝑐𝑐,𝐸𝑋.
´ (𝑖) is the experimental 
confined concrete strength and 𝑁 is the total number of data points. 
 
4.8.1 Verification of the Proposed Model with the Database of FRP Confined 
Circular Solid Specimens with Normal Unconfined Concrete Compressive 
Strength 
A total of 638 experimental data of specimens wrapped with different types of FRP 
(CFRP, AFRP, GFRP, HMCFRP, CFRP tube, AFRP tube, GFRP tube and HMCFRP 
tube)  and covers unconfined concrete compressive strength between 6.2 MPa to 50 
MPa were collected from previous studies in the literature. 
 
The details of experimental database are presented in Table A.1 based on the criteria 
explained above. The compressive strength, 𝑓𝑐𝑐
´  values of the confined concrete for the 
specimens in the database in Table A.1 were calculated using the models in Lam and 
Teng (2003b), Ilki et al. (2004), Wu and Wang (2009), Wei and Wu (2012), Wu and 
Wei (2014), Pham and Hadi (2014) and the proposed model. The experimental results 
and the predicted results are shown in Figure 4.1. 
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The errors of the proposed model and the existing models of the FRP confined concrete 
strength were statistically compared (Figure 4.2). Figures 4.1 and 4.2 show clearly that 
the proposed model achieved the smallest average absolute error of 10.8% for FRP 
confined concrete compressive strength (𝑓𝑐𝑐
´ ) followed by Wei and Wu (2012), Wu and 
Wei (2014), Wu and Wang (2009), Pham and Hadi (2014), Lam and Teng (2003b) and 
Ilki et al. (2004) of 12.4%, 12.4%, 12.6%, 13.3%, 14.1% and 20%, respectively, 
average absolute error. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The proposed model also achieved the smallest average square error of 1.9% followed 
by Wei and Wu (2012), Wu and Wei (2014), Wu and Wang (2009), Pham and Hadi 
(2014), Lam and Teng (2003b) and Ilki et al. (2004) of 2.5%, 2.7%, 2.6%, 2.6%, 2.9% 
and 5.4%, respectively, average square error. It is clear that the proposed model showed 
higher performance in predicting compressive strength for FRP confined circular solid 
14.1
20.06
12.6 12.4 12.4
13.3
10.8
2.9
5.4
2.6 2.5 2.7 2.6
1.9
0.0
5.0
10.0
15.0
20.0
25.0
Lam and Teng (2003)
Ilki et al. (2004)
Wu and Wang (2009)
Wei and Wu (2012)
Wu and Wei (2014)
Pham and Hadi (2014)
Proposed model
AAE % MSE %
Figure 4.2 Statistical comparison of the selected models for FRP confined 
circular solid specimens with normal unconfined concrete compressive 
strength 
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concrete with normal unconfined concrete compressive strength than the existing 
models. 
 
4.8.2 Verification of the Proposed Model with the Database of FRP Confined 
Circular Solid Specimens with High Unconfined Concrete Compressive Strength 
A total of 163 experimental data of specimens confined with FRP and covers 
unconfined concrete compressive strength that varies between 50 MPa to 112 MPa were 
collected from the literature. The compressive strength,  𝑓𝑐𝑐
´  of the confined concrete for 
specimens in the database in Table A.2 were calculated using the models in Wu and 
Wang (2009), Wu and Wei (2014), Pham and Hadi (2014) and the proposed model. The 
experimental results and the predicted results are shown in Figure 4.3. The errors of the 
proposed model and the existing models of the FRP confined concrete strength were 
statistically compared (Figure 4.4). 
 
The proposed model achieved the smallest average absolute error of 12.1% for FRP 
confined concrete compressive strength (𝑓𝑐𝑐
´ ) followed by Pham and Hadi (2014), Wu 
and Wei (2014) and Wu and Wang (2009) of 13.8%, 16% and 19.1, respectively. Also, 
the proposed model achieved the smallest average square error of 2.5% followed by 
Pham and Hadi (2014) Wu and Wei (2014) and Wu and Wang (2009) of 2.7%, 4.3% 
and 6.2, respectively, average square error. It is clear that the proposed model achieved 
higher performance in predicting compressive strength for FRP confined circular solid 
concrete with high unconfined compressive strength than the existing models. 
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Figure 4.3 Comparison of the selected strength models for FRP confined circular solid 
specimens with high unconfined concrete compressive strength 
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Figure 4.4 Statistical comparison of the selected models for FRP confined 
circular solid specimens with high unconfined concrete compressive strength 
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4.9 Extending the Developed Model for Non-Circular Solid Concrete 
The proposed compressive strength 𝑓𝑐𝑐
´  model for FRP confined circular concrete was 
verified with the experimental data and compared with a number of existing models. 
Based on the statistical comparisons, it is evident that the proposed model achieved the 
best results. The proposed model showed high performance for predicting the 
compressive strength for circular concrete confined with different types of FRP with 
unconfined concrete strength between 6.2 MPa to 112MPa. 
 
After verifying the performance of the proposed model for predicting the strength of 
FRP confined circular concrete, the proposed model for FRP confined concrete was 
extended to predict the compressive strength of non-circular solid concrete with 
different corner radius by introducing the shape factor, 𝑘𝑎 proposed in Lam and Teng 
(2003a) into Equation 4.6 as: 
 
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
= ɸ + 𝑘1𝑘𝑎
 𝑓𝑙
𝑓𝑐𝑜´
                           𝑘𝑎  ≤  0.9                        (4.11) 
 
Also, the strain efficiency factor for non-circular FRP confined solid concrete was 
determined by introducing the shape factor  𝑘𝑎 into Equation 4.5 as: 
 
 𝑘ԑ = (1.31 − 2.3 𝑓𝑐𝑜
´  x 10−3 − 0.75 𝐸𝑓𝑟𝑝  x 10
−6) 𝑘𝑎
2      0.585 ≤ 𝑘ԑ ≤ 0.9      (4.12) 
 
The diameter 𝐷 was defined by Lam and Teng (2003a) for non-circular columns as: 
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𝐷 = √𝑏2 + ℎ2                                                         (4.13) 
 
4.9.1 Verification of the Proposed Model with the Database of Non-circular Solid 
Concrete with Different Corner Radius 
A total of 317 experimental data of specimens confined with CFRP and covers 
unconfined concrete strength varies between 15 MPa and 52.7 MPa were collected from 
previous studies. The compressive strength,  𝑓𝑐𝑐
´  values  of the confined concrete for 
specimens in the database in Table A.3 were calculated using the models in Lam and 
Teng (2003a), Ilki et al. (2004), Toutanji et al. (2009),  Wu and Wang (2009), Wu and 
Wei (2010), Wei and Wu (2012) and the proposed model. The experimental results and 
the predicted results are shown in Figure 4.5. The errors of the proposed model and the 
existing models of the FRP confined concrete strength were statistically compared 
(Figure 4.6). 
 
The model in Ilki et al. (2004) achieved the smallest average absolute error of 11.5%  
for FRP confined concrete compressive strength (𝑓𝑐𝑐
´ ) followed by the proposed model, 
Wu and Wei (2010), Lam and Teng (2003a), Wei and Wu (2012), Toutanji et al. (2009) 
and Wu and Wang (2009) of 12.2%, 12.5%, 12.7%, 14.4%, 17.7% and 18.2%, 
respectively. Also, The model in Ilki et al. (2004) achieved the smallest average square 
error of 2.2%  for FRP confined concrete compressive strength (𝑓𝑐𝑐
´ ) followed by the 
proposed model, Wu and Wei (2010), Lam and Teng (2003a), Wei and Wu (2012), 
Toutanji et al. (2009) and Wu and Wang (2009) of 2.47%, 2.56%, 2.7%, 3.4%, 5.1% 
and 6.3%, respectively. 
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Figure 4.5 Comparison of the selected strength models for FRP confined non-
circular solid specimens 
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Though, Toutanji et al. (2009) achieved slightly better result than the proposed model, 
however, Toutanji et al. (2009) showed poor agreement with the experimental data for 
circular concrete specimens. Also, the proposed model is applicable for circular and 
non-circular specimens with normal and high strength unconfined concrete. It is clear 
that the proposed model achieved higher performance in predicting compressive 
strength for FRP confined non-circular solid concrete than the existing models after 
Toutanji et al. (2009). 
 
4.10 Extending the Proposed Model for FRP Confined Circular and Non-Circular 
Hollow Concrete 
The confinement concrete compressive strength model for solid specimens was 
extended to determine the compressive strength for circular and non-circular hollow 
12.7
11.5
18.2
17.7
12.5
14.40
12.2
2.70
2.20
6.30
5.10
2.56
3.40
2.47
0.0
5.0
10.0
15.0
20.0
Lam and Teng (2003)
Ilki et al. (2004)
Wu and Wang (2009)
Toutanji et al (2009)
Wu and Wei (2010)
Wei and Wu (2012)
Proposed model
AAE % MSE %
Figure 4.6 Statistical comparison of the selected models for FRP confined non- 
circular solid specimens 
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columns by introducing coefficient 𝛽 which was explained in Fam and Rizkalla (2001b) 
and Lignola et al. (2008b) into Equation 4.11 as: 
 
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
= ɸ + 𝑘1𝛽𝑘𝑎
 𝑓𝑙
𝑓𝑐𝑜´
           𝑘𝑎 ≤ 0.9,         𝛽 ≥ 0.7                          (4.14) 
 
𝛽 = 1 −  
𝐷ℎ
2
𝐷𝑜
2
                                                                 (4.15) 
 
where 𝐷ℎ is the diameter of the inner hole and  𝐷𝑜 is the outer diameter of the specimen. 
 
The diameter of the non-circular hole is also defined as: 
 
 𝐷ℎ = (𝑏ℎ
2 + 𝑑ℎ
2 )0.5                                                           (4.16) 
 
where  𝑏ℎ and  𝑑ℎ are the width and length of the non-circular hole of the specimens. 
 
 The final form of the unified FRP confined compressive strength model for circular and 
non-circular solid and hollow columns was expressed as: 
 
𝑓𝑐𝑐
´
𝑓𝑐𝑜´
= 0.89 ( 𝜀𝑓𝑟𝑝)
−0.017
+ 6.48𝜀𝑓𝑟𝑝
−0.3 [0.41 − 𝑓𝑐𝑜
´
𝑓𝑐𝑜
´ − 77.75
𝑓𝑐𝑜´
2
+ 77.75
]
0.17
𝑘𝑎 𝛽 
𝑓𝑙
𝑓𝑐𝑜´
    (4.17) 
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4.10.1 Verification of the Proposed Model with the Database of Circular and Non-
Circular Hollow Concrete Specimens 
The details of experimental database of the circular and non-circular hollow concrete 
specimens are presented in Table A.4 and Table A.5 based on the criteria explained 
above. The proposed unified FRP confinement model for hollow concrete was firstly 
verified with the experimental results of 11 CFRP confined circular hollow concrete 
specimens reported in Modarelli et al. (2005) and compared with the model proposed in 
Yazici and Hadi (2012). Because the model in Yazici and Hadi (2012) was designed 
only for CFRP confined circular hollow concrete. The experimental results and the 
predicted results are shown in Figure 4.7 and Table A.4. The errors of the proposed 
model and the existing models of the FRP confined concrete strength were statistically 
compared as shown in Figure 4.8. 
 
Figures 4.7a and 4.8 show that the proposed model achieved better accuracy in 
predicting the confined concrete strength than the model proposed in Yazici and Hadi 
(2012). The average absolute error and the average squared error were 4.8% and 0.39%, 
respectively, in the proposed model. The average absolute error and the average squared 
error were 5.89% and 0.46%, respectively, in the model proposed in Yazici and Hadi 
(2012). 
 
After verifying the proposed model with the CFRP confined circular concrete, the 
proposed model was then verified with 36 circular and non-circular hollow concrete 
specimens confined with different wrapping materials (Fam and Rizkalla 2001a; Fam 
and Rizkalla 2001b; Modarelli et al. 2005; Wong et al. 2008; Yu and Teng 2012; Jameel 
et al. 2017). 
 
 
81 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The unconfined compressive strength of the specimens varied between 28.35 MPa to 58 
MPa. Figure 4.7b a, Table A.4 and Table A.5 show the experimental values versus the 
predicted results of FRP confined compressive strength of the specimens. The average 
absolute error and the average squared error were 7.6% and 0.94%, respectively. It is 
clear from the above that the proposed model showed smaller statistical errors than the 
a) Comparison of strength selected models for CFRP confined circular 
hollow specimens 
Figure 4.7 Verification of the proposed model for circular and non-circular FRP 
confined hollow specimens. 
b) Experimental and predicted FRP confined concrete compressive strength for 
hollow specimens with different corner radius (including sharp corner with 𝑟 = 0 
and circular specimens with  (𝑅𝑐 = 𝐷/2) and wrapped with different FRP 
materials (CFRP, GFRP and AFRP) 
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models available in the literature. Also the proposed model presented satisfactory 
theoretical results compared with the experimental results of FRP confined circular and 
square hollow concrete confined with different wrapping materials. 
 
 
 
 
 
 
 
 
 
 
 
4.11  Verification of the Proposed Model with the Database of Circular and Non-
circular Solid and Hollow Specimens Wrapped with Different Types of FRP 
with Unconfined Concrete Strength between 6.2 MPa to 112 MPa 
The performance of the developed model was assessed with existing results of 1154 
points of FRP confined concrete strength reported in previous experimental studies in 
Tables A.1 to A.5. The database included circular and non-circular solid and hollow 
concrete wrapped with different FRP materials and covers compressive strength 
between 6.2 MPa to 112 MPa. 
Figure 4.8 Statistical comparison of the selected models for FRP confined 
circular and non- circular hollow specimens 
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Figure 4.7 shows the experimental concrete strength results versus the predicted 
concrete strength results of FRP confined concrete. The average absolute error between 
the experimental and predicted FRP confined concrete was 8.30% and the average 
square error was 1.00%. Figure 4.7 and the statistical errors results show that the 
predicted compressive strength results calculated using the developed unified FRP 
confined compressive strength model matches very well with the existing experimental 
compressive strength results. 
 
Figure 4.9 Experimental and predicted FRP confined compressive strength 
circular and non-circular solid and hollow concrete columns with 
unconfined concrete strength from 6.2 MPa to 112 MPa and wrapped with 
different confinement materials 
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4.12 Summary 
This chapter presents a unified strength model for FRP confined circular and non-
circular solid and hollow concrete. The proposed model covers data with unconfined 
concrete compressive strength varies between 6.2 MPa and 112 MPa and different FRP 
confinement materials. The accuracy of the proposed model was validated against the 
existing models in the literature with 1154 experimental results of FRP confined 
specimens based on statistical error methods. The proposed unified FRP confined model 
showed high performance compared to the existing models. The next chapter presents 
the experimental program of testing small concrete specimens. The tested specimens 
include CFRP wrapped square and circularized solid and hollow concrete specimens 
subjected to axial compression. 
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5 EXPERIMENTAL PROGRAM OF SMALL SPECIMENS: 
DESCRIPTION 
 
5.1 Introduction 
This chapter presents the experimental program to investigate the behaviour of 
circularized and Carbon fibre reinforced polymer (CFRP) wrapped square solid and 
hollow concrete specimens. The specimens were either circularized with full length 
concrete segments or with concrete segments shorter than the length of the specimens. 
The materials used in this experimental program, design of specimens and formworks 
are presented. The specimen preparation including casting of specimen, circularization 
and CFRP wrapping are illustrated. Finally, the specimens’ test set up and 
instrumentation of this experimental program are presented. All specimens were tested 
under axial compression loading. 
 
5.2 Material Used in this Experimental Program 
The materials used to construct specimens in this experimental program are concrete 
and unidirectional CFRP sheets. The details of the used materials are illustrated below. 
 
5.2.1 Concrete 
Ready mix concrete was provided by a local supplier to construct the specimens. The 
targeted compressive strength of concrete was 40 MPa at 28 days. The maximum 
aggregate size of concrete was 10 mm. The slump of concrete was targeted to be about 
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150 mm to provide suitable workability of concrete mix to ensure the concrete flow 
through the prepared frameworks during casting. 
 
5.2.2 CFRP 
Unidirectional CFRP of 100 mm width and 200 g/m2 density was used as confinement 
material in this experiment (Figure 5.1).   The nominal thickness was 0.111mm, the 
nominal tensile strength and ultimate strain are 3400 MPa and 0.0017 mm/mm, 
respectively, and the nominal elastic modulus is 240 GPa as reported by the 
manufacturer. However, the mechanical properties of CFRP were determined 
experimentally by flat coupon tests according to ASTMD7565 (2010) as illustrated in 
the next chapter. 
 
 
 
 
 
 
 
5.3 Design of Specimens 
A total of eight specimens made from normal strength concrete were cast and tested at 
the Civil Engineering Laboratory of the University of Wollongong, Australia. The 
specimens were divided into two groups: solid and hollow specimens. All specimens 
Figure 5.1 CFRP sheets used in this experimental program 
 
87 
 
were 300 mm in height and 106 mm x 106 mm in cross-section. The hollow specimens 
had a central square hole of 35 mm sides. Each group consisted of four specimens. The 
first specimen in each group was the reference specimen. The second specimen 
constructed with 20 mm round corners and was wrapped with two layers of CFRP, 
which simulates the conventional strengthening method. The third specimen was 
circularized with full length plain concrete segments and wrapped with two layers of 
CFRP. The fourth specimen was circularized with concrete segments which were 20 
mm shorter than the length of the specimen and wrapped with two layers of CFRP. All 
specimens were tested under axial compression loading. 
 
The test matrix is shown in Table 5.1. The specimens were labelled as follows: the first 
letter of the specimens is either S or H, where S refers to a solid specimen and H refers 
to a hollow specimen. The remaining letters refer to the strengthening method: N refers 
to no modification, RF refers to round corners and then CFRP wrapped, LCF refers to 
circularized with full length concrete segments and then CFRP wrapped, and SCF refers 
to circularized with concrete segments shorter than the length of the specimen and then 
CFRP wrapped. For example, Specimen SLCF refers to the solid specimen circularized 
with full length concrete segments and wrapped with CFRP. Specimen HSCF refers to 
the hollow specimen circularized with short concrete segments and wrapped with 
CFRP. The cross-sections and geometries of the specimens are shown in Figure 5.2. 
 
5.4 Formwork Design 
The formwork of the specimens was made from plywood. For the hollow specimens, 
the hollow part was made from 35 mm square foam with a height of 300 mm. An 8 mm 
steel rod was inserted through the foam and fixed into the base plate of the formwork to 
align the foam vertically. The round corners of Specimens SRF and HRF were created 
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by gluing arched shape foam with 20 mm radius and 300 mm height into the inner 
corners of the square formwork. In order to make the concrete segments, square (106 
mm x 106 mm) plywood frames were fitted into steel cylinders (150 mm inside 
diameter and 300 mm height). Heights of the concrete segments were 300 mm and 280 
mm to provide full length concrete segments and short concrete segments, respectively. 
Each cylinder generated four concrete segments. Details of the formworks are shown in 
Figure 5.3. 
 
5.5 Specimen Preparation 
5.5.1 Casting of the Specimens 
After preparing the formworks of the square solid and hollow specimens, the formworks 
of the concrete segments and the steel cylinders for the compressive test of concrete, the 
specimens, segments and cylinders were cast using a concrete supplied by a local 
company. The slump of concrete was measured according to the instructions explained 
in AS1012.3.1 (2014) (Figure 5.4a). The casting of concrete into the formworks was 
done manually and poured in layers. Each layer was compacted using immersion 
vibrator. The surface of concrete was levelled using steel trowel. After levelling the 
concrete surface, the formworks covered by a wet hessian to ensure a sufficient 
hydration of cement. After three days from casting, the formworks were removed and 
the specimens were kept under the wet hessian up to 28 days from casting. Figure 5.4 
shows the photos of casting. 
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Table 5.1 Test matrix 
Specimen 
Cross-section 
area (𝐴𝑐) 
(mm2) 
Height 
(mm) 
Hole 
dimension 
(mm) 
Modification 
External 
confinement  
SN 11236 300 None None No 
SRF 10893 300 None 
20-mm round 
corner 
2 layers of CFRP 
SLCF 17679 300 None 
Circularization 
with full length 
concrete 
segments 
2 layers of CFRP 
SSCF 11236 300 None 
Circularization 
with short 
concrete 
segments 
2 layers of CFRP 
HN 10011 300 35 x 35 None No 
HRF 9668 300 35 x 35 
20-mm round 
corners 
2 layers of CFRP 
HLCF 16454 300 35 x 35 
Circularization 
with Full length 
concrete 
segments 
2 layers of CFRP 
HSCF 10011 300 35 x 35 
Circularization 
with short 
concrete 
segments 
2 layers of CFRP 
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Wrapping the top and bottom ends with 
two layers of CFRP with 50 mm width Concrete Segments 
Two layers of 
CFRP Two layers of CFRP 
Specimen SN Specimen SRF Specimen SLCF Specimen SSCF 
Specimen HN Specimen HRF Specimen HLCF Specimen HSCF 
R=20 
R=20 
Two layers of 
CFRP 
Two layers of 
CFRP 
(b) Hollow specimens 
(a) Solid specimens 
Figure 5.2 Schematic details of the specimens (all dimensions are in mm)  
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(a) Solid specimens (b) Hollow specimens 
Steel cylinder 
Plywood box 
(c) Segments  
35x35 mm foam to 
form the hole 
Steel rods 
20 mm radius 
foam 
Figure 5.3 Formworks for the specimens and segments 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 Photos of casting the concrete 
(b) Pouring and levelling concrete surfaces (a) Measuring the slump of concrete 
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5.5.2 Specimen Circularization 
After 28 days from casting, the concrete specimens and segments were left for three 
days to dry. The surfaces of the specimens were cleaned to remove any dust and to 
ensure that the surfaces are smooth. The shape of Specimens SLCF and HLCF was 
changed into circular by bonding four full length concrete segments of 300 mm length. 
For Specimens SSCF and HSCF, concrete segments with 280 mm length which are 
shorter than the length of the specimen were bonded to the sides of the specimens (10 
mm at both top and bottom of the specimens were left without circularization). A 
mixture of epoxy resin, slow hardener and silica microsphere with a ratio of 5:1:10 was 
used as glue between the specimens and the bonded concrete segments. The glue was 
evenly spread onto the surfaces of both the specimen and the concrete segments. The 
concrete segments were then attached to the surface of the specimen. The circularized 
specimens were left to dry for three days. Preparing the concrete specimens is shown in 
Figure 5.5. 
 
5.5.3 CFRP Wrapping 
All specimens, except Specimens SN and HN were wrapped with two layers of CFRP. 
The specimens were wrapped using wet-layup method. A mixture of epoxy resin and 
hardener at a ratio of 5∶1 was used as an adhesive. At first, the surface of the specimen 
was cleaned and then the epoxy resin was spread onto the surface and the first CFRP 
layer was attached. After that, epoxy resin was spread onto the surface of the first CFRP 
layer and then the second layer was attached. An overlap of 100 mm was maintained at 
the second layer. The epoxy resin was then spread onto the final layer. Additional two 
layers of CFRP were wrapped with 50 mm width at top and bottom ends of all the 
specimens to prevent premature failure during testing. 
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Figure 5.5 Preparation of the specimens 
(c) CFRP wrapping 
(b) Bonded concrete 
segments 
 
(a) Bonding of concrete 
segments 
(d) Prepared solid and hollow specimens 
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5.6  Instrumentation and Test Procedures 
The universal Denison compressive testing machine with a maximum load capacity of 
5000 kN in the High Bay laboratory at the University of Wollongong, Australia was 
used to determine the strength and to monitor the axial deformation of the specimens. 
The specimens circularized with full length concrete segments were capped at both ends 
using high-strength plaster. All other specimens were capped at one end only. The 
specimens were capped to ensure an even distribution of the applied load on the loaded 
face. To determine the axial deformation of the specimens, a Linear Variable 
Differential Transducer (LVDT) was used. For the circularized specimens, the LVDT 
was mounted onto a frame of two circular rings (Figure 5.6a). 
 
For square specimens, a square test setup was designed. The linear variable differential 
transformer (LVDT) was mounted onto two box frames that were fixed at the top and 
bottom of the specimen by steel bolts. The box frames were balanced by three arms 
with specific length, to ensure an even level of the top box frame as the bottom box 
frame were levelled by three pieces of same height. Before starting the test, two of the 
arms were removed while the third one was pinned into the upper box frame with a gap 
to keep free movement. The details of the test setup are shown in Figure 5.6. In 
addition, two LVDTs were attached to the lower moving plate of the Universal testing 
machine after setting the specimens in the testing machine. The LVDTs were connected 
to a data logger which was connected to a computer to record the data. All specimens 
were tested under a displacement controlled axial load at the rate of 0.5 mm/min. The 
data were recorded every two seconds. 
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6 mm bolt 
(a) Photo of the frame with circular rings  
Pinned arms 
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LVDT location 
Pin  
To be removed 
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(b) Top view  of the square frame  
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(c) Side view of the square frame 
(e) Photo of the square frame  
Pin  
Figure 5.6 Details of the circular and square frames used to hold the LVDT 
12 mm bar 
5 mm 
6 mm bolt 
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5.7 Summary 
This chapter presents the description of the experimental program for small solid and 
hollow concrete specimens. The design of square solid and hollow specimens, the 
design of the full length and short concrete segments are illustrated. The circularization 
and CFRP wrapping of the square solid and hollow specimens were presented. 
Instrumentation and testing of specimens under axial compression were also presented. 
The next chapter presents the experimental results and discussion of testing the CFRP 
wrapped circularized solid and hollow concrete specimens under axial compression 
loadings. 
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6 EXPERIMENTAL PROGRAM OF SMALL SPECIMENS: 
RESULTS AND DISCUSSION 
 
6.1 Introduction 
In this chapter, the experimental test results of the materials and specimens are 
presented and discussed. The axial load-axial deformation curves of the tested solid and 
hollow specimens are drawn and explained. The effects of the full length concrete 
segments and the short concrete segments on the behaviour of circularized and CFRP 
wrapped solid and hollow specimens are illustrated. The comparative behaviour 
between circularized and CFRP wrapped solid and hollow concrete specimens is 
presented and discussed. Finally, the axial stress-axial strain curves of tested specimens 
are drawn to illustrate the effect of circularization on the efficiency of CFRP 
confinement of solid and hollow specimens. 
 
6.2 Results of Material Testing 
6.2.1 Concrete Testing 
Three tests were applied to determine the compressive strength, indirect tensile strength 
and modulus of rupture of concrete. The slump of the concrete was 150 mm according 
to the instructions explained in AS 1012.3.1(2014). 
 
The compressive strength of concrete was determined by testing concrete cylinders with 
100 mm diameter and 200 mm height according to AS1012.9 (1999). A total of 6 
concrete cylinders were cast on the day of casting the concrete specimens. After the 
concrete was set, the concrete cylinders were cured in a tank of water at room 
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temperature to keep the hydration process to achieve the maximum strength. Three 
concrete cylinders were tested at 28 days after casting and three concrete cylinders were 
tested during the testing period. The concrete cylinders were tested under axial 
compression. The cylinders were capped with high strength plaster at the loading 
surface to prevent the premature cracking and to ensure an even distribution of the 
applied load on the loading faces. 
 
 
 
 
 
 
 
 
 
After testing the concrete cylinders, the maximum load was divided by the area of 
loaded surface of the concrete cylinder. The results of testing concrete cylinders at 28 
days from casting are shown in Table 6.1.  The average compressive strength of 
Table 6.1 Results of compressive strength test of concrete at 28 days 
Sample 
No. 
Average 
diameter (mm) 
Height 
(mm) 
Load 
(kN) 
Compressive 
strength (MPa) 
Average compressive 
strength (MPa) 
1 101.5 200.0 360 44.5 
40.0 2 101.0 200.0 317 39.5 
3 100.2 200.0 283 36.0 
Figure 6.1 Compressive strength test of concrete (tested cylinders)  
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concrete at 28 days was 40 MPa. The average compressive strength of the concrete 
during the testing period of concrete specimens was 45 MPa. Figure 6.1 shows the 
compressive strength test of concrete cylinders. 
 
Three concrete cylinders of 150 mm diameter and 300 mm height were tested to 
determine the indirect tensile strength of concrete according to AS1012.10 (2000). The 
test results of indirect tensile strength of concrete cylinders at 28 days from casting are 
shown in Table 6.2. The average indirect tensile strength of concrete at 28 days was 3.6 
MPa. Figure 6.2 shows the indirect tensile test of concrete cylinders. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2 Indirect tensile strength test of concrete 
(a) Testing of cylinder (b) Tested cylinder 
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The flexural strength of the concrete was determined by testing three concrete beams of 
150 X 150 mm cross-section and 500 mm length according to AS1012.11 (2000). The 
test results of flexural strength of concrete beams at 28 days from casting are shown in 
Table 6.3. All tested beams failed in the middle of the specimens. The average flexural 
strength of concrete at 28 days was 4.33 MPa. Figure 6.3 shows the modulus of rupture 
test of concrete beams. 
 
 
 
 
 
 
 
 
 
 
   Table 6.2 Results of indirect tensile test of concrete at 28 days   
Specimen 
(no.) 
Diameter 
(mm) 
length 
mm 
Failure load 
(kN) 
Tensile strength 
(MPa) 
Average tensile 
strength (MPa) 
1 149.5 301 254.5 3.6 
3.6 2 150 300 243 3.4 
3 150 300 264 3.7 
Figure 6.3 Modulus of rupture test of concrete beams 
(a) Testing of beams (b) Tested beams 
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6.2.2 Carbon FRP Testing 
The mechanical properties of CFRP were determined by flat coupon tests according to 
ASTMD7565 (2010). Coupons of one and two layers were prepared and tested. For the 
coupon of two layers, glue was spread on the first layer then the second layer was laid 
on the first layer. Afterwards, the second layer was saturated with glue. A steel roller 
was used to exclude the bubbles of air between the two layers. A mixture of epoxy resin 
and hardener at a ratio of 5∶1 was used as an adhesive. The clear length of the tested 
coupon was 138 mm while 56 mm in each side were capped by four pieces of 
aluminium plates to grip the ends of the coupon. Strain gauges were used in this test to 
determine the strain during the testing. The details and dimensions of the tested coupons 
samples are shown in Figure 6.4. 
 
 
 
 
 
 
Table 6.3 Results of modulus of rupture of concrete at 28 days  
Specimen 
no. 
B 
(mm) 
D 
(mm) 
length 
mm 
Failure load 
(kN) 
Indirect tensile 
strength 
(MPa) 
Average  modulus 
of rupture  (MPa) 
1 149 149.8 450 32 4.3 
4.33 2 149.5 150 450 35 4.7 
3 149.5 150 450 30 4.0 
56 56 
Side view 
138 
Thickness (t) 
Gripping length Test length 
Figure 6.4 Coupon test dimensions for CFRP sheet (All dimensions in mm) 
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The average width of the tested coupons for the two layers of CFRP was 25.4 mm. The 
stress-strain behaviour of one and two layers of CFRP is shown in Figure 6.5. The 
average maximum tensile force per unit width was 1102 N/mm. The strain at the 
maximum tensile force and the elastic modulus of the CFRP were 0.0163 mm/mm and 
67.5 kN/mm, respectively. 
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6.3 Results of Specimens Test 
6.3.1 Failure Mode 
All specimens were tested to failure. Failure modes of the specimens are shown in 
Figure 6.6. The failure of Specimens SN and HN was brittle and sudden. The failure 
was due to spalling and crushing of the concrete. 
 
The failure of Specimens SRF and HRF was initiated by a snapping sound. Afterwards, 
the stretching of the CFRP was observed at mid-height in one of the corners, causing 
the axial load to drop. The stretching of the CFRP continued at the corner with the 
crushing and dilation of concrete accompanied by the reduction in the axial load. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 6.6 Failure modes of the tested specimens 
(a) SN (b) SRF (c) SLCF 
(h) HSCF 
(d) SSCF 
(f) HRF (g) HLCF (e) HN 
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For Specimens SLCF and HLCF, the failure was initiated with an explosive sound. The 
explosive failure indicates the release of a large amount of energy due to the high 
confinement pressure as a result of the uniform confining stress provided by the CFRP. 
 
For Specimen SSCF a loud snapping sound from the mid-height of the specimen was 
heard when the axial load approached the ultimate axial load. The first CFRP ring 
ruptured at mid-height. Afterwards, the next upper and lower CFRP rings ruptured. The 
CFRP rupture was accompanied by the reduction in the axial load until the CFRP straps 
completely stretched and concrete exposed at mid-height. The rupture of the CFRP 
revealed that the concrete segments were cracked longitudinally into big fragments and 
bent outwards at mid-height. Unlike the solid specimens, the rupture of the CFRP at 
mid-height of Specimen HSCF revealed that the concrete segments were cracked into 
small fragments. Figure 6.7 shows the effect of confinement on the hole of the hollow 
specimens. Crushing of concrete was observed at the inner hole (Figure 6.7 (e)). In 
addition, the concrete at the walls of the hole was cracked and spalled off. Also, the 
shape of the hole changed from square to circular. The change of shape was clearer for 
Specimen HRF (Figure 6.7 (b)). The hole of Specimen HN was not changed, as the 
specimen was not confined (Figure 6.7 (a)). 
 
 
 
 
 
 
 
 
Figure 6.7 Effect of confinement on the internal walls of the hollow specimens 
(a) HN (b) HRF (c) HLC (d) HSC
F 
(e) Accumulated crashed 
concrete from the 
internal walls 
(Specimen HLCF) 
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6.3.2  Load-Deformation Behaviour 
6.3.2.1 Solid Specimens 
Figure 6.8 shows the axial load-axial deformation behaviour of the solid specimens. The 
test results of the solid specimens are summarised in Table 6.4. The axial load-axial 
deformation curve of all the specimens is linear up to the yield load at the first part 
which represents the unconfined concrete. After the yield, the axial load of Specimen 
SN decreased quickly to failure. The axial load of the CFRP confined specimens 
(Specimens SRF, SLCF and SSCF) increased after the yield with another slope of the 
axial load-axial deformation curve up to failure. Afterwards, the axial load dropped 
suddenly due to the rupture of the CFRP, debonding of the CFRP and concrete 
crushing. 
 
 
 
 
 
 
 
 
 
 
The highest ultimate axial load was achieved by Specimen SLCF followed by Specimen 
SSCF and Specimen SRF. The increase in the ultimate axial load was 222%, 73% and 
57% for Specimens SLCF, SSCF and SRF, respectively, relative to the ultimate axial 
load of Specimen SN. Specimen SSCF showed only 10% higher ultimate axial load 
Figure 6.8 Axial load-axial deformation behaviour of solid specimens 
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compared to Specimen SRF. The higher ultimate axial load in Specimen SSCF 
compared to Specimen SRF was due to the shape modification only, as the loaded 
cross-sectional areas of specimens SSCF and SRF were nearly the same because the 
load was applied to the core only of Specimen SSCF. 
 
The ductility of the specimens was determined as the ratio of the axial deformation 
corresponding to 85% of ultimate axial load in the post ultimate region (Pessiki and 
Pieroni 1997) or the axial deformation corresponding to the rupture of CFRP (δu) and 
the deformation at the yield (δy). 
 
The yield deformation was defined as the axial deformation corresponding to the 
intersection point of an extension line through the origin and 75% of the first peak axial 
load with the horizontal line from the ultimate axial load (Foster and Attard 1997). For 
the CFRP confined specimens with an ascending behaviour in the axial load-axial 
deformation curve after yield which represents the second portion, the yield deformation 
was defined as the axial deformation corresponding to the intersection point of an 
extension line through the origin and 75% of the first peak axial load with the best fit 
line of the second linear potion. 
 
The increase in the ductility was 331%, 307%, and 230% for Specimens SRF, SLCF 
and SSCF, respectively, relative to the ductility of Specimen SN. Specimen SSCF 
showed better enhancement in ductility than the enhancement in the ultimate axial load. 
The high ductility and comparatively low axial load of Specimen SSCF were because 
the axial load was applied to the square specimen only. Hence, the dilation of the 
concrete of the square specimen and the CFRP confinement subjected the concrete 
segments under bi-axial state of stress. Therefore, the concrete segments expanded in 
the axial direction due to Poisson’s effect. 
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The yielding of the concrete segments reduced the confinement pressure. Afterwards, 
the concrete segments cracked into big parts with sharp edges. The sharp edges caused a 
premature failure to the CFRP at mid-height of the specimen. Specimens SRF and 
SLCF showed similar enhancement in ductility. 
 
 
 
Specimens SRF and SLCF showed nearly bi-linear axial load-axial deformation curve 
with an ascending branch after yield which represents the confined concrete. The 
ascending branch confirms the increased confinement provided by the CFRP. On the 
other hand, Specimen SSCF showed a slight decrease in axial load after the yielding. 
The slight decrease in the axial load showed that the gain from confinement was less 
than the concrete degradation due to the yielding of concrete segments when the square 
specimen dilated and CFRP activated. Li et al. (2006) reported that when the gain of 
confinement is higher than concrete degradation, the axial load-axial deformation curve 
Table 6.4 Test results of solid and hollow specimens 
Specimen 
Solid specimens Hollow specimens 
SN SRF SLCF SSCF HN HRF HLCF HSCF 
Yield load (kN) 508 561 975 647 441 520 872 580 
Axial deformation at yield 
load (mm) 
0.6 0.8 0.8 0.87 0.6 0.8 0.7 0.8 
Ultimate axial load (kN) 514 805 1653 888 447 533 1237 751 
Axial deformation at ultimate 
axial load (mm) 
0.7 4 3.8 3.5 0.64 0.9 3 4 
Ductility 1.2 5.3 5.0 4.1 1.2 4.3 4.5 5.3 
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shows an ascending behaviour and vice versa. Afterwards, the axial load-axial 
deformation curve of Specimen SSCF rose again up to failure. The slope of the second 
branch of the axial load-axial deformation curve is steeper for Specimen SLCF than 
Specimen SSCF. Specimen SLCF was considered to be more effectively confined than 
Specimen SSCF. Specimen SLCF was more effectively confined than Specimen SSCF 
because the concrete of the concrete segments of Specimen SLCF was also confined as 
the concrete segments were subjected to the applied axial load. Hence, the concrete 
segments of Specimen SLCF were subjected to tri-axial state of stress. The slope of the 
second branch of the axial load-axial deformation curve is steeper for Specimen SSCF 
than Specimen SRF due to the increased confinement of Specimen SSCF that resulted 
from the circularization. 
 
6.3.2.2 Hollow Specimens 
Figure 6.9 shows the axial load-axial deformation behaviour of the hollow specimens. 
The test results of the hollow specimens are summarised in Table 6.4. Specimens HRF, 
HLCF and HSCF sustained 19%, 177% and 68%, respectively, higher ultimate axial 
load compared to Specimen HN. Specimens HRF, HLCF and HSCF sustained 257%, 
272% and 335%, respectively, higher ductility compared to Specimen HN. The slight 
increase in the ultimate axial load of Specimen HRF compared to Specimen HN was 
due to the stress concentration at the corners. Also, the existence of the hole reduced the 
confinement efficiency of Specimen HRF. Specimen HLCF showed the highest ultimate 
axial load followed by Specimen HSCF and Specimen HRF. 
 
Specimen HSCF sustained the highest ductility followed by Specimen HLCF and 
Specimen HRF. Similar to the solid specimen (Specimen SSCF), the high ductility of 
Specimen HSCF was due to the yielding of the concrete segments as the axial load was 
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applied to the square hollow concrete specimen only. However, the hole in the hollow 
specimen and the yielding of the concrete segments reduced the outward pressure and 
delayed the rupture of the CFRP. Therefore, Specimen HSCF achieved significant 
increase in the ultimate axial load and the concrete segments cracked into small 
fragments at failure. 
 
 
 
 
 
 
 
 
 
 
 
Specimen HRF experienced second peak in the axial load-axial deformation curve with 
the maximum axial load slightly lower than the axial load in the first peak. Afterwards, 
the axial load capacity decreased sharply. Kusumawardaningsih and Hadi (2010) also 
reported two peak loads for the hollow square columns confined with CFRP. Specimen 
HSCF experienced a decrease in the axial load after the first peak axial load as the hole 
reduced the confinement pressure. Afterwards, the axial load increased up to failure 
load in which the failure load was much higher than the first peak axial load. The 
increased axial load was due to the increased confinement from the circularization. Also 
the increased wall thickness reduced the ratio of the diameter of the hole (𝑅𝑖) to the 
Figure 6.9 Axial load-axial deformation behaviour of hollow specimens 
0
200
400
600
800
1000
1200
1400
1600
1800
0 1 2 3 4 5
A
x
ia
l 
lo
ad
 (
k
N
)
Axial deformation (mm)
HN
HRF
HLCF
HSCF
 
110 
 
diameter of the column (𝑅𝑜). Lignola et al. (2008) reported that a smaller ratio of 𝑅𝑖/𝑅𝑜 
increases the confinement of the FRP confined hollow columns. 
 
6.4 Discussion of Small Specimens 
6.4.1 Comparison between Solid and Hollow tested Specimens 
Figure 6.10 presents a comparison of the axial load-axial deformation behaviour of the 
solid and hollow specimens. It can be observed that the axial load carrying capacity was 
higher for all solid specimens compared to the corresponding hollow specimens. 
 
Specimen SRF experienced a steady increase in the axial load from the yield load to the 
ultimate axial load and then the axial load dropped suddenly. While for Specimen HRF, 
the axial load dropped slightly after the yielding because the rate of confinement 
activation was less than the concrete degradation due to the existence of the unconfined 
hole. Afterwards, the axial load of Specimen HRF increased with a gentle slope of the 
axial load-axial deformation curve up to failure. 
 
Specimen SLCF and Specimen HLCF showed increased axial load (ascending axial 
load-axial deformation curve) after the yielding up to failure. The ascending behaviour 
of the axial load-axial deformation curve of Specimen SLCF was because the rate of 
confinement activation was higher than the rate of concrete degradation. However, the 
slope of the axial load-axial deformation curve after the yielding was steeper for 
Specimen SLCF than that of Specimen HLCF due to the presence of the hole in 
Specimen HLCF. Specimen SSCF showed a decrease in the axial load after the yielding 
from 672 kN to 638 kN due to the yielding of the concrete segments around the 
circularized specimen, which delayed the confinement activation. Afterwards, the axial 
load of Specimen SSCF increased slightly up to the ultimate axial load. While the axial 
load of Specimen HSCF dropped slightly after the yielding from 589 kN to 559 kN then 
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the axial load increased slightly with a slope of the axial load-axial deformation curve 
less steep than that of Specimen SSCF. Specimen SLCF achieved higher ductility than 
Specimen HLCF. Specimen SRF showed higher ductility than Specimen HRF. 
Specimen HSCF showed higher ductility than Specimen SSCF because the hole reduced 
the dilation of the concrete toward the outside and delayed the rupture of CFRP. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Unstrengthen specimens 
(b) Conventionally strengthened 
specimens 
(d) Specimens circularized with short 
concrete segments and confined with 
CFRP 
(c) Specimens circularized with full 
length concrete segments and 
confined with CFRP 
Figure 6.10 Comparisons of axial load-axial deformation behaviours 
of solid and hollow specimens 
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Table 6.4 shows that the presence of the hole changed the trend of ductility for hollow 
specimens compared to solid specimens. With the increase in the applied axial load, the 
confinement restricts the outward expansion of concrete for solid specimens, while the 
presence of the hole resulted in an inward expansion for hollow specimens. The inward 
expansion increased with increased confinement efficiency which increased the 
ductility. Hence, the ductility of Specimen HLCF was higher than the ductility of 
Specimen HRF. Lignola et al. (2008) also showed that the existence of hole reduces the 
strength of hollow specimens while increases the ductility. 
 
The short segments of Specimen HSCF expanded towards the axial direction and 
resulted in higher ductility for Specimen HSCF than for Specimen HLCF. On the other 
hand, the confinement of Specimen SLCF was higher than the confinement of Specimen 
SRF. Therefore, the failure of Specimen SLCF was sudden and led to lower ductility 
than Specimen SRF. The cracking of the short segments in Specimen SSCF led to the 
premature failure of CFRP and reduced the ductility of the specimen. 
 
6.4.2 Effect of the Length of Concrete segments 
The specimens (both solid and hollow specimens) circularized with full length concrete 
segments achieved higher axial load carrying capacity compared to the specimens 
circularized with short concrete segments, as shown in Figure 6.8 and Figure 6.9. The 
ultimate axial load of Specimen SLCF was 86% higher than the ultimate axial load of 
Specimen SSCF. The ultimate axial load of Specimen HLCF was 65% higher than the 
ultimate axial load of Specimen HSCF. Also, Specimen SLCF achieved 23% higher 
ductility compared to Specimen SSCF. While, Specimen HSCF achieved 17% higher 
ductility compared to Specimen HLCF. Therefore, the full length concrete segments are 
more effective in enhancing the behaviour of circularized and CFRP wrapped solid 
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specimens in terms of strength and ductility than short concrete segments. Full length 
concrete segments are more effective in enhancing the behaviour of circularized and 
CFRP wrapped hollow specimens in terms of strength than short concrete segments. On 
the other hand, the short concrete segments are more effective in enhancing the ductility 
of the circularized and CFRP wrapped hollow specimens than the full length concrete 
segments. 
 
For full length circularized and CFRP wrapped solid and hollow specimens, full bond 
was observed between the concrete segments and the square specimen for Specimen 
SLCF and Specimen HLCF. Hadi et al. (2012) also reported the existence of full bond 
between the concrete segments and the square column after failure. On the other hand, 
the premature rupture of the CFRP at mid-height of the specimens led the concrete 
segments to crack before the failure of the square specimen for Specimen SSCF and 
Specimen HSCF. 
 
 
6.4.3 Stress-Strain Behaviour 
Axial stress-axial strain diagrams of the tested solid and hollow specimens have been 
presented in Figure 6.11. Unlike Figure 6.10 where the contribution of section 
enlargement had a significant role in increasing the force, Figure 6.11 clearly illustrates 
the effect of the circularization on the behaviour of the CFRP confined solid and hollow 
specimens. 
Circularizing solid specimen with full length concrete segments and CFRP wrapping 
enhanced the performance of the specimen (Specimen SLCF) more from the yield load 
up to the ultimate axial load than rounding the corners of solid specimen and CFRP 
wrapping of the specimen (Specimen SRF). 
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On the other hand, the circularization enhanced the performance of the CFRP wrapped 
hollow specimens (Specimen HLCF and HSCF) only after the yield load compared to 
rounding the corners of hollow specimen (Specimen HRF). The enhancement in the 
yield stress gained from circularizing the hollow specimens compared to rounding the 
corners of hollow Specimens was less. This might be due to the existence of the hole 
that reduced the confinement effectiveness at the yield stress. 
Figure 6.11 Axial stress-axial strain behaviour of solid and hollow 
specimens 
(a)  Solid specimens 
(b)  Hollow specimens 
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6.5 Summary 
In this chapter, the results of testing circularized and CFRP wrapped solid and hollow 
concrete specimens under axial compression are reported. The axial load-axial 
deformation behaviour of the tested specimens is illustrated. Afterwards, the behaviour 
of circularized and CFRP wrapped hollow specimens are compared with that of their 
counterparts solid specimens. Based on the presented results, the circularization proved 
to be an effective method in strengthening CFRP confined square hollow concrete 
specimens similar to CFRP confined solid concrete specimens. 
 
The next chapter presents the experimental program to investigate the behaviour of 
circularized and CFRP wrapped hollow RC columns subjected to different loading 
eccentricities. The influence of attaching longitudinal CFRP straps onto the sides of 
square hollow specimens on the behaviour of circularized specimens is presented. The 
influence of wrapping square hollow specimens with CFRP on the behaviour of 
circularized specimens is illustrated. 
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7 EXPERIMENTAL PROGRAM OF THE REINFORCED CONCRETE 
COLUMNS: DESCRIPTION 
 
7.1 Introduction 
In this chapter, the details of the experimental program are explained to investigate the 
behaviour of circularized and CFRP wrapped square hollow reinforced concrete (RC) 
specimens under different loading conditions. Strengthening square hollow specimens 
with transverse CFRP wrapping and longitudinal CFRP straps before circularization is 
illustrated. The materials and formworks used to construct the specimens and casting 
process is presented. The test set up and instrumentation of concentric axial loads, 
eccentric axial loads and four-point bending are also presented. The specimens were 
cast and tested in the High Bay Laboratory at the University of Wollongong, Australia. 
 
7.2 Material Used in this Experimental Program 
The materials used in this experimental program were concrete, unidirectional CFRP 
sheets and steel. 
 
7.2.1 Concrete 
Concrete used in this experiment to cast the specimens was from the same batch of 
concrete used to cast the specimens in Chapter 4 as all specimens were cast in the same 
day. 
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7.2.2 Carbon FRP 
The confinement material used to wrap the specimens in this experiment is the same 
unidirectional CFRP sheets used to wrap the small specimens presented in Chapter 4. 
 
7.2.3 Steel 
The specimens were reinforced by using two types of steel reinforcement in this 
experimental program. The N12 (12 mm deformed steel bar with nominal tensile 
strength of 500 MPa) was used as longitudinal reinforcement. The R6 (6 mm plain steel 
bar with nominal tensile strength of 250 MPa) was used as stirrups. 
 
7.3 Design of Specimens 
A total of twenty square hollow RC specimens were cast and tested in this experimental 
program. The specimens were 800 mm in height and 150 mm x 150 mm in cross-
section with a central square hole of 50 mm x 50 mm at the centre. The dimensions of 
the tested specimens were chosen to suit the capacity of the testing facilities. The RC 
compression member with a ratio of the clear height to the maximum lateral dimension 
equal to or greater than 2.5 is considered as column in Canadian Highway Bridge 
Design Code CAN/CSA S6-06 (CSA 2006). Also, in ACI 318-11 (ACI 2011), RC 
columns are defined as RC members that sustain axial load with height-to-least lateral 
dimension ratio greater than 3. The height-to-lateral dimension of the specimens tested 
in this study was about 5.3. The unsupported wall length to thickness ratio was 1, which 
ensured that the mode of failure of the compression flange is the crushing of concrete 
instead of the local buckling (Taylor et al. 1995). Hence, the results presented in this 
study should be translated with caution for thin wall and very slender hollow RC 
columns. 
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The specimens were divided into five groups of four specimens. The first group (Group 
N) served as reference square hollow RC specimens. The specimens in the second group 
(Group RF) were constructed with 20 mm round corners and afterwards wrapped with 
two layers of CFRP. The specimens in the third group (Group CF) were circularized by 
bonding four precast concrete segments on the sides and afterwards wrapped with two 
layers of CFRP.  
 
 
Figure 7.1 Plan view of specimens (units in mm) 
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Table 7.1 Test matrix 
 
Specimen 
strengthenin
g square 
specimen 
with CFRP 
Cross-
section  
(mm) 
Gross 
concret
e area 
(mm2) 
 
Height 
(mm) 
Modification 
External 
wrapping 
with CFRP  
Eccentricit
y 
(mm) 
N-0 
N-25 
N-50 
N-F 
 
 
_ 
 
150x150 
 
19547 
 
800 
 
 
None 
 
 
 
 
_ 
0 
25 
50 
 
Four-point 
bending 
RF-0 
RF-25 
RF-50 
RF-F 
_ 150x150 19204 800 
 
20-mm 
rounded 
corners  
Wrapping 
with two 
layers of 
CFRP 
0 
25 
50 
 
Four-point 
bending 
CF-0 
CF-25 
CF-50 
CF-F 
 
 
_  
Φ 212 
 
32360 
 
800 
Circularization 
by bonding 
four precast 
concrete 
segments 
 
Wrapping 
with two 
layers of 
CFRP 
0 
25 
50 
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The specimens in the fourth group (Group VCF) were bonded with one longitudinal 
CFRP strap on each side and then circularized by bonding four precast concrete 
segments. Afterwards, the specimens were wrapped with two layers of CFRP. The 
specimens in the fifth group (Group HCF) were wrapped with one layer of CFRP and 
then circularized with four precast concrete segments. Afterwards, the specimens were 
wrapped with two layers of CFRP. Three specimens from each group were tested as 
columns under concentric, 25 mm eccentric and 50 mm eccentric axial loadings. The 
eccentricity of axial load has been chosen based on the available test apparatus at the 
laboratory. The last specimen from each group was tested as a beam under four-point 
bending. 
 
The specimen labels consist of two parts in Table 7.1. The first part (N, RF, CF, VCF 
and HCF) refers to the name of the group. The second part refers to the loading 
conditions: 0 refers to concentric loading, 25 refer to 25 mm eccentric loading, 50 refers 
to 50 mm eccentric loading and F refers to four-point bending. For example, Specimen 
VCF-0 refers to the concentrically loaded hollow specimen, which was strengthened 
with longitudinal CFRP straps (one on each side of the specimen) then circularized with 
concrete segments and afterwards wrapped with two layers of CFRP. Specimen HCF-50 
refers to the 50 mm eccentrically loaded hollow specimen, which was wrapped with one 
layer of CFRP. Specimen HCF-50 was circularized with concrete segments and 
afterwards wrapped with two layers of CFRP. The test matrix of all specimens is shown 
in Table 7.1 and the details of the specimens are shown in Figure 7.1. 
 
The specimens were reinforced with 4N12 bars (12 mm deformed steel bars) as the 
longitudinal reinforcement. The R6 bars (6 mm plain steel bars) were used as transverse 
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reinforcement with a pitch of 60 mm. The reinforcement arrangement has been chosen 
considering that the specimens require retrofitting according to AS 3600 (2009). The 
concrete clear covers were 17 mm on the sides and 20 mm at the top and bottom of the 
specimens. 
 
7.4  Formwork Design 
The formwork of the square hollow specimens was made from plywood. The square 
hole was created from foam with 800 mm height and 50 mm x 50 mm cross-section. 
The foam was aligned longitudinally in the centre of the specimens by inserting a 16 
mm steel rod through the foam. The foam was fixed in the centre of the base plate. The 
base plate had a square hole to prevent the foam from rotating. The round corners of 
Group RF were created by gluing arched parts made from foam with 20 mm radius and 
800 mm height on the inner corners of the square formwork. The concrete segments 
were made by fitting square frames into polyvinyl chloride (PVC) pipes of 212 mm 
inner diameter and 800 mm height. The square frames were made from plywood with 
800 mm height and 150 mm x 150 mm cross-section. Each PVC pipe created four 
precast concrete segments. The details of the formworks and steel reinforcement are 
shown in Figure 7.2 and Figure 7.3. 
 
7.5 Preparation of Specimen 
The surfaces of the specimens and concrete segments were cleaned to ensure clean and 
smooth surfaces. Longitudinal CFRP straps were attached to the sides of the specimens 
of Group VCF by epoxy resin and hardener at a ratio of 5∶1 (one longitudinal CFRP 
strap on each side of the square specimen). The specimens of Group HCF were wrapped 
with one layer of CFRP. Afterwards, the square cross-section of the specimens in 
Groups CF, VCF, and HCF were changed into circular cross-section by bonding four 
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precast concrete segments on the sides of the specimens. The segments were held onto 
the sides of the specimens by using steel rings. All specimens, except the specimens of 
the reference group (Group N), were wrapped with two layers of CFRP. 
 
 
 
 
 
(d) Hollow columns’ base 
(a) 150x150x800 mm 
core timber 
(b) 212 mm x 800 mm 
PVC pipe 
Figure 7.2 Photos of the formwork 
(c) Formwork of the plain concrete 
segments 
(e) Formwork of the hollow columns 
20 mm radius 
foam fixed to the 
corners 
16 mm 
steel rod 
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The specimens were wrapped with CFRP by wet-layup method. The adhesive used was 
a mixture of epoxy resin and hardener at a ratio of 5∶1. A 100 mm overlap was 
6 mm 
bars for 
covers 
Steel 
cage 
Figure 7.3 The details of formworks, steel reinforcement and concrete 
covers  
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maintained at the second layer. To prevent premature failure at the top and bottom of 
the specimens during testing, the top 100 mm and bottom 100 mm of all specimens 
were wrapped with two layers of CFRP. Figure 7.4 shows the specimen preparation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4 Specimen preparation 
(b) Group CF (c) Group VCF (d) Group HCF (e) Wrapping 
the circularized 
specimens 
(a) Group RF 
Concrete segments Square column 
(f) Prepared specimens 
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7.6 Testing of Specimens 
Three specimens from each group were tested as columns under concentric, 25 mm 
eccentric and 50 mm eccentric axial compression. One specimen from each group was 
tested as a beam under four-point bending. The universal Denison testing machine with 
5000 kN capacity was used to determine the axial load-axial deformation behaviour of 
the specimens. The specimens tested as columns were capped at both ends with high-
strength plaster to ensure an even distribution of the applied load on the loaded face. 
 
The beam specimens were tested under four-point bending over a clear span of 700 mm 
with a shear span of 233 mm. It is noted that the response of the beam specimens might 
not be due to the pure bending, as the shear span-to-depth ratio of specimens was low. 
However, the dimensions of the specimens tested under four-point bending were kept 
the same as the other specimens tested under concentric and eccentric axial loads for 
uniformity and consistency. Due to the relatively small span-to-depth ratio of the tested 
specimens, two layers of CFRP sheets were applied in the shear span of Specimens RF-
F, CF-F, VCF-F and HCF-F to avoid shear failure and to minimize the effect of the 
shear-induced deflection at midspan. The CFRP sheets were also applied in the shear 
span of the reference Specimen N-F to ensure consistent comparisons. 
 
The eccentric loadings were applied through special loading heads. The details of the 
loading head can be found in Hadi and Widiarsa (2012). Circular loading heads were 
used for testing the circular column specimens while square loading heads were used for 
testing the square column specimens. 
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Figure 7.5 Loading systems and instruments: (a) loading on circular 
column; (b) loading on square column; (c) four-point bending system of 
circular beam; and (d) four-point bending system of square beam. 
(c) 
(d) 
(a) (b) 
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The 
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Two loading systems were used for testing the specimens as beams under four-point 
bending. The circular system developed by Yazici and Hadi (2009) was used for testing 
the circular beam specimens. The square system developed by Hadi and Widiarsa 
(2012) was used for testing the square beam specimens. The details of test setup and 
instrumentation are as shown in Figure 7.5. To determine the displacement of the 
column specimens during the testing, two Linear Variable Differential Transducers 
(LVDTs) were attached to the corners of the lower moving plate of the compression 
testing machine. 
 
The lateral deflection of the eccentrically loaded column specimens and the midspan 
deflection of the tested beam specimens were measured by using a laser triangulation. 
The laser triangulation was located at the mid-height of the specimens tested as columns 
and under the midspan of the specimens tested as beams. The laser triangulation and 
LVDTs with an accuracy of 0.2% were connected to a data logger which was connected 
to a computer. The specimens were preloaded under a force controlled load application 
at 2 kN/s to 10% of the estimated ultimate load. The specimens were then unloaded to 
20 kN at the same rate. Afterwards, all specimens were tested to failure under a 
displacement controlled load application at 0.3 mm/minute. 
 
7.7 Summary 
This chapter describes the experimental program of testing circularized and CFRP 
wrapped hollow RC concrete specimens subjected to different loading conditions. The 
design of RC square hollow specimens, circularization, CFRP wrapping and test set up 
of the specimens were also presented. The next chapter presents the experimental results 
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and discussion of testing the circularized and CFRP wrapped RC hollow concrete 
specimens under concentric axial loads, eccentric axial loads and four point bending. 
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8 EXPERIMENTAL PROGRAM OF THE REINFORCED CONCRETE 
COLUMNS: RESULTS AND DISCUSSIONS 
 
8.1 Introduction  
This chapter presents the experimental results of the circularized and CFRP wrapped 
square hollow reinforced concrete (RC) specimens under different loading conditions. 
Strengthening square hollow specimens with transverse CFRP wrapping and 
longitudinal CFRP straps before circularization is illustrated. The axial load-axial 
deformation curves of the circularized hollow specimen are presented and discussed. 
Finally, the axial load-bending moment interactions are also presented and discussed. 
 
8.2 Results of Materials Test 
8.2.1 Concrete  
Concrete used in this experiment to cast the specimens was the same batch of concrete 
used to cast the specimens in Chapter 5 as the specimens was cast in the same day. 
However, the average compressive strength of concrete during testing was 47 MPa. For 
all the properties of concrete, please refer to Section 5.2.1. 
 
8.2.2 CFRP 
The confinement material used to strengthen the specimens in this experiment is the 
same unidirectional CFRP sheets used to wrap the small specimens presented in 
Chapter 5. Please see Section 5.2.2. 
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8.2.3 Steel Reinforcement 
 To determine the properties of the reinforcing steel, three samples were taken from N12 
longitudinal steel bars and three samples were taken from R6 stirrups reinforcement 
bars. The samples were tested under tensile load according to AS 1391 (2007). Each 
specimen was prepared with 500 mm length in which 80 mm from each side was used 
for gripping, while the tested length was 340 mm. Figure 8.1 shows the test set up of 
steel bars. Figure 8.2 presents the tensile stress-tensile strain of tested N12 steel bars. 
Figure 8.3 presents the tensile stress-tensile strain of tested R6 steel bars. Table 8.1 
presents the tensile test results of N12 and R6 steel bars. The average tensile yield 
strength of the N12 and R6 steel bars was 570 and 478 MPa, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) N 12    (b)  R6 
Figure 8.1 tensile test set up of steel bars 
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8.3 Failure Modes of the Tested Specimens 
All specimens were tested to failure. For the concentrically loaded specimens, the 
failure of Specimen N-0 was brittle and marked by spalling of concrete cover and 
buckling of longitudinal steel reinforcement. 
 
The failure of Specimens RF-0, CF-0, VCF-0 and HCF-0 was initiated by stretching of 
the CFRP followed by a snapping sound due to the rupture of CFRP when the axial load 
approached the ultimate axial load. The rupture of the CFRP was in the corners of 
Specimen RF-0, while the rupture of the CFRP was distributed around the circular 
cross-section of Specimens CF-0, VCF-0 and HCF-0. The failure of Specimens CF-0, 
VCF-0 and HCF-0 at ultimate axial load was sudden and accompanied by an explosive 
sound. It was observed by visual inspection that after testing the dilation of concrete in 
Specimens CF-0, VCF-0 and HCF-0 was more than the dilation of Specimens RF-0, 
which revealed the higher confinement of the circularized column specimens. Figure 8.4 
shows the failure modes of the concentrically tested specimens. 
Table 8.1 Results of tensile testing of steel bars  
Sample 
Diameter 
(mm) 
Yield Load (N) 
Yield Strength 
(MPa) 
Average Yield Strength 
(MPa) 
R6-1 6 13405 474 
 R6-2 6 13546 479 478 
R6-3 6 13602 481 
 N12-1 12 63104 558 
 N12-2 12 64801 573 570 
N12-3 12 65592 580 
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Figure 8.2 Tensile stress-strain of tested 6 mm plain steel bars 
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Figure 8.3 Tensile stress-strain of tested 12 mm deformed steel bars 
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For the eccentrically loaded specimens, the failure of Specimen RF-25 did not show any 
rupture of the CFRP except the appearance of CFRP ripples in the compression side.  
For Specimen RF-50, the failure was initiated by the rupture of the CFRP in the 
compression side which revealed the buckling of longitudinal steel reinforcement and 
crushing of concrete in the compression side. Cracking of concrete in the tension side of 
Specimens RF-25 and RF-50 was observed during the testing. The failure of Specimens 
CF-25, CF-50, VCF-25, VCF-50, HCF-25 and HCF-50 was initiated by the rupture of 
the CFRP, crushing of concrete and buckling of longitudinal steel in the compression 
side. Afterwards, cracking of concrete appeared in the tension side when the axial load 
approached the ultimate axial load. 
 
The failure of Specimens CF-25, CF-50, VCF-25, VCF-50, HCF-25 and HCF-50 
occurred in the mid-height of the specimens. The rupturing and debonding of the CFRP 
Figure 8.4 Failure modes of the specimens tested under concentric axial load            
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layers revealed the expansion of the concrete. Figure 8.5 and Figure 8.6 show failure 
mode of the 25 mm and 50 mm eccentrically tested specimens, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5 Failure modes of the specimens tested under eccentric 
axial load (e = 25 mm) 
Figure 8.6 Failure modes of the specimens tested under eccentric 
axial load (e = 50 mm) 
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For Specimens VCF-25 and VCF-50, the failure in the tension side was observed to be 
initiated with kinking sounds before the appearance of any cracks. The kinking sound 
was due to the rupture of the longitudinal CFRP straps. After the appearance of concrete 
cracks, the kinking sounds continued with the drop in the axial load due to the 
subsequence rupture of CFRP straps in the sides of the columns. 
 
The failure of Specimen N-F was initiated by cracking of concrete in the tension side 
and crushing of concrete and spalling of concrete cover in the compression side. The 
failure of Specimens RF-F, CF-F, VCF-F and HCF-F was initiated by cracking of 
concrete in the tension side and rippling of the CFRP in the compression side. The load 
of Specimen VCF-F fluctuated after the first peak load due to the subsequence rupturing 
in the fibres of the CFRP in the sides of the specimen. Figure 8.7 shows the failure 
mode of the specimens tested under four-point bending. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.7 Failure modes of the specimens tested under four-point bending 
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8.4 Load-Deformation Behaviour of the Tested Specimens 
8.4.1 Concentrically Loaded Specimens 
Table 8.2 summarizes the results of the specimens tested under concentric axial 
compression. The axial load-axial deformation behaviour of the concentrically loaded 
specimens is shown in Figure 8.8. The results show that the CFRP wrapping enhances 
the performance of the specimens in terms of ultimate load and ductility. Ductility of 
the specimens was determined as the ratio of the axial deformation at 85% of the post 
ultimate load (δu) to the deformation at the yield (δy) (Sheikh and Légeron 2014). The 
(δy) is defined as the yield deformation corresponding to the intersection point of a 
horizontal line from the first peak load and an extension line between the origin and the 
point representing 0.75 times the peak load. The yield load corresponding to the yield 
deformation represents the approximate limit of the elastic behaviour of the specimens 
(Foster and Attard 1997). 
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Figure 8.8 Axial load–axial deformation diagrams of the specimens tested under 
concentric axial compression 
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Specimens CF-0, VCF-0 and HCF-0 achieved higher ultimate axial load and higher 
ductility than Specimen RF-0. However, Specimen RF-0 achieved only 17% higher 
ultimate axial load than Specimen N-0. The increases in the ultimate axial load of 
Specimens HCF-0, VCF-0 and CF-0 were 121%, 119% and 119%, respectively, higher 
than the ultimate axial load of Specimen N-0. The increase in the ultimate axial load of 
Specimens CF-0, VCF-0 and HCF-0 was mainly due to the increased cross-sectional 
area after circularization. Specimens HCF-0 and VCF-0 showed bilinear axial load-axial 
deformation curve with ascending branch in the second part in which the axial load 
increased after the yield. 
 
The axial load-axial deformation curve of Specimens RF-0 and CF-0 showed two peak 
axial loads because of the decrease in the axial load after the first peak load. The slight 
decrease in the axial load after the first peak axial load of Specimens RF-0 and CF-0 
was because of the rate of confinement activation was less than the degradation in 
concrete due to the presence of the hole. 
Table 8.2 Results of the concentrically loaded specimens 
Specimen 
Axial 
load at 
yield 
(kN) 
Axial 
deformation 
at yield 
(mm) 
Ultimate 
axial 
load 
(kN) 
Axial 
deformation 
at ultimate 
axial load 
(mm) 
Ductility 
Increase in 
the ultimate 
axial load 
relative to 
the reference 
specimen 
(%) 
N-0 800 2.2 989 2.5 1.4 _ 
RF-0 800 2.2 1160 9.5 4.4 17 
CF-0 1403 2.3 2169 12.7 5.9 119 
VCF-0 1508 2.5 2162 10.5 4.4 119 
HCF-0 1631 2.4 2190 9.8 4.2 121 
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The axial load of Specimen RF-0 decreased after the first peak axial load from1147 kN 
to 1084 kN. Then the axial load increased to the failure load of 1160 kN. The second 
peak axial load was only 1% higher than the first peak axial load. The axial load-axial 
deformation curve of Specimen CF-0 showed a slight decrease in the axial load after the 
first peak axial load where the axial load dropped from 1848 kN to 1826 kN. Then the 
axial load increased to the failure load of 2169 kN. The second peak axial load was 17% 
higher than the first peak axial load. 
 
Specimen HCF-0 showed the highest yield load followed by Specimen VCF-0. 
However, Specimen VCF-0 achieved slightly higher yield load than Specimen CF-0. 
The gain in the yield load of Specimen VCF-0 compared to Specimen CF-0 might be 
due to the presence of the longitudinal CFRP straps, which was attached on the sides of 
the square hollow column specimen. Tan (2002) and Li et al. (2006) also reported that 
the longitudinal FRP straps enhance the load carrying capacity of the axially loaded 
columns if adequately confined by transverse FRP. The axial load-axial deformation 
curve of Specimen VCF-0 showed an increase in the axial load after the yield load up to 
the failure load. The ultimate axial load was 43% higher than the yield axial load. The 
highest yield axial load of Specimen HCF-0 was due to the confinement provided by the 
CFRP. However, a slight increase in the ultimate axial load achieved by Specimen 
HCF-0 compared to Specimen CF-0 was due to the sharp corners of the square column 
which might have led to premature rupturing of the CFRP. 
 
The axial load-axial deformation curve of Specimen HCF-0 showed an increase in the 
axial load after the yield load up to the failure load. The ultimate axial load was 34% 
higher than the yield axial load. The circularized specimens were considered to be more 
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efficiently confined compared to the rounded corner specimen as the axial load 
increased after the yield load. The ductility of Specimens RF-0, CF-0, VCF-0 and HCF-
0 were 3.2, 4.3, 3.2 and 3.1 times, respectively, of the ductility of Specimen N-0 (Table 
8.2). 
 
8.4.2 Eccentrically Loaded Specimens 
Table 8.3 reports the results of specimens tested under 25 mm eccentric axial loads. 
Figure 8.9 shows the axial load-axial deformation and axial load-lateral deformation of 
the 25 mm eccentrically loaded specimens. Specimen HCF-25 showed the highest 
ultimate axial load followed by Specimen VCF-25, Specimen CF-25, and Specimen RF-
25. The highest ultimate axial load of Specimen HCF-25 was due to wrapping the 
square hollow specimen with one layer of CFRP. The CFRP wrapping provided 
confinement in the compression side of Specimen HCF-25. While the higher ultimate 
axial load of Specimen VCF-25 than Specimen CF-25 was due to the contribution of the 
longitudinal CFRP straps in the tension side. 
 
The higher ultimate axial load of Specimen HCF-25 than Specimen VCF-25 might be 
because the most parts of concrete of the column specimens under 25 mm eccentric 
axial loads were under compression. Therefore, the contribution of the transverse CFRP 
in confining the concrete of Specimen HCF-25 in the compression side was more 
effective than the contribution of longitudinal CFRP straps in enhancing the tensile 
strength in the tension side of Specimen VCF-25. Specimen VCF-25 achieved the 
highest ductility followed by Specimen CF-25 and Specimen HCF-25 then Specimen 
RF-25. The ductility of Specimens RF-25, CF-25, VCF-25 and HCF-25 were 2.6, 4.7, 
4.9 and 3.6 times, respectively, of the ductility of Specimen N-25 (Table 8.3). 
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Table 8.3 Results of the 25 mm eccentrically loaded specimens 
Specimen 
Axial 
load 
at 
yield 
(kN) 
Axial 
deformat
-ion at 
yield 
(mm) 
Ultimate 
axial load 
(kN) 
Axial 
deformat
-ion at 
ultimate 
axial 
load 
(mm) 
Lateral 
deflecti
-on at 
ultimat
e axial 
load 
(mm) 
Ductilit
-y 
Increase in 
the 
ultimate 
axial load 
relative to 
the 
reference 
specimen 
(%) 
N-25 582 2.2 642 2.4 2.3 1.2 _ 
RF-25 610 2.4 692 3.0 4.0 3.1 8 
CF-25 985 2.5 1209 6.2 9.0 5.6 88 
VCF-25 1011 2.3 1279 5.7 8.6 5.8 99 
HCF-25 1045 2.9 1409 4.2 5.0 4.3 120 
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Figure 8.9 Axial load–deformation diagrams of the specimens tested under 
eccentric axial compression (e = 25 mm) 
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Table 8.4 reports the results of the specimens tested under 50 mm eccentric axial 
compression. Figure 8.10 shows the axial load-axial deformation and axial load-lateral 
deformation behaviour of the 50 mm eccentrically loaded specimens. Specimen VCF-50 
achieved the highest ultimate axial load followed by Specimen HCF-50, Specimen CF-
50 and Specimen RF-50. The higher ultimate axial load of Specimen VCF-50 than 
Specimen HCF-50 might be because the most parts of concrete of the specimens under 
50 mm eccentric axial loads were under tension. Therefore, the contribution of 
longitudinal CFRP straps in enhancing the tensile strength in the tension side of 
Specimen VCF-50 was more effective than the contribution of the transverse CFRP in 
confining the concrete of Specimen HCF-50 in the compression side. 
 
Specimen VCF-50 showed different axial load-axial deformation behaviour compared 
to the other eccentrically loaded specimens. After reaching the yield load, the axial load 
Table 8.4 Results of the 50 mm eccentrically loaded specimens 
Specimen 
Axial 
load 
at 
yield 
(kN) 
Axial 
deformat
-ion at 
yield 
(mm) 
Ultimate 
axial load 
(kN) 
Axial 
deformat
-ion at 
ultimate 
axial 
load 
(mm) 
Lateral 
deflecti
on at 
ultimat
e axial 
load 
(mm) 
Ductil
-ity 
Increase in 
the 
ultimate 
axial load 
relative to 
the 
reference 
specimen 
(%) 
N-50 315 2.1 393 2.7 4.0 1.5 _ 
RF-50 460 2.9 505 3.4 5.0 2.6 29 
CF-50 680 2.4 885 3.5 5.0 4.2 125 
VCF-50 726 2.5 975 9.7 12.5 4.9 148 
HCF-50 741 2.7 955 4.2 5.5 3.6 143 
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of Specimen VCF-50 decreased from 902 kN to 846 kN. Then the axial load increased 
up to the failure load of 975 kN. The behaviour of Specimen VCF-50 was comparable 
to that of the concentrically loaded specimens and was due to the existence of the 
longitudinal CFRP straps. In other words, with the increase in the secondary bending 
moment, the longitudinal CFRP straps were activated in the tension side. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The activation of the longitudinal CFRP straps was found to be significant after the 
yielding of compression concrete. It is clear that the load carrying capacity and the 
performance of the tested specimens decreased with the increase in the applied load 
eccentricity. Specimen VCF-50 achieved the highest ductility followed by Specimen 
CF-50, Specimen HCF-50, and Specimen RF-50. The ductility of Specimens RF-50, 
HCF-50, VCF-50 and CF-50 were 1.7, 2.8, 3.3 and 2.4 times, respectively, of the 
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Figure 8.10 Axial load–deformation diagrams of the specimens tested under 
eccentric axial compression (e = 50 mm) 
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ductility of Specimen N-50 (Table 8.4). It is evident from Table 8.2-Table 8.4 that the 
ductility of the CFRP confined concrete specimens decreases with the increase in the 
load eccentricity. 
 
8.4.3 Specimens Tested under Four-Point Bending 
Table 8.5 summarizes results of the specimens tested under four-point bending. Figure 
8.11 shows the load-midspan deflection behaviour of the specimens. Specimen VCF-F 
achieved the highest ultimate load followed by Specimen HCF-F, Specimen CF-F and 
Specimen RF-F. Specimen VCF-F showed three peak loads in the load-midspan 
deflection diagram. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.11 Load–midspan deflection diagrams of the specimens 
tested under four-point bending 
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The three peak loads of Specimen VCF-F were due to the consequence of rupturing of 
the longitudinal CFRP straps bonded on the sides of the square hollow specimen. The 
first rupture of the CFRP straps, which was mainly in the longitudinal CFRP sheet at the 
bottom of the specimen in midspan, resulted in a sudden decrease in the load. 
Afterwards, the load increased with the increase in the midspan deflection until reaching 
the second peak load. Afterwards, the load dropped suddenly after the second rupture of 
the CFRP straps which was mainly in the longitudinal CFRP sheets at the bottom and at 
the sides of the specimen in midspan. Then, the load increased until failure. The load-
midspan curves of all circularized and CFRP wrapped specimens showed an ascending 
branch after the yield. Specimen VCF-F achieved the highest ductility followed by 
Specimen CF-F, Specimen HCF-F, and Specimen RF-F. The ductility of Specimens 
RF-F, HCF-F, VCF-F and CF-F were 1.1, 1.4, 1.5 and 1.3 times, respectively, of the 
ductility of Specimen N-F (Table 8.5). 
 
 
 
Table 8.5 Results of specimens tested under four-point bending 
Specimen 
Yield 
load 
(kN) 
Midspan 
deflection 
at yield 
(mm) 
Ultimate 
load 
(kN) 
Midspan 
deflection 
at ultimate 
load (mm) 
Ductility 
Increase in the 
ultimate load 
relative to the 
reference 
specimen (%) 
N-F 116 4.2 139 7.6 6.2 _ 
RF-F 113 4.3 162 21 6.8 17 
CF-F 158 4.5 263 32 8.4 89 
VCF-F 270 3.0 338 19 9.4 143 
HCF-F 188 4.2 278 21.5 8.0 100 
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8.5 Discussion of Experimental Results 
8.5.1 Effect of Circularization 
Circularization enhances the performance of the hollow square RC specimens in terms 
of strength and ductility. The circularized specimens showed a significant increase in 
the ultimate load. The significant increase in the ultimate load was mainly due to the 
enlargement of cross-section area and the increased level of the CFRP confinement due 
to the corner mitigation. The axial stress-axial deformation diagram of the 
concentrically loaded specimens was plotted to exclude the contribution of the cross-
section area enlargement to the enhancement of the circularized specimens and to reveal 
the effect of the circularization only on the confinement efficiency. 
 
Figure 8.12 shows the axial stress-axial deformation curves of the specimens tested 
under concentric axial compression. The ascending behaviour of the axial stress-axial 
deformation curve of Specimens CF-0, VCF-0 and HCF-0 after yielding and also the 
higher ultimate axial stress of Specimens CF-0, VCF-0 and HCF-0 than Specimen RF-0 
confirm the attainment of enhanced confinement by circularization. Specimen RF-0 
achieved yield strength of 41 MPa, which is similar to the yield strength of 43 MPa of 
Specimen CF-0. The similar yield strength revealed the insignificant effect of corners 
on the confinement efficiency of the CFRP wrapped hollow column specimens at yield. 
Specimen RF-0 achieved less yield strength than the yield strength of Specimen VCF-0, 
as Specimen VCF-0 was strengthened with longitudinal CFRP straps before the 
circularization. Specimen RF-0 achieved less yield strength than the yield strength of 
Specimen HCF-0, as Specimen HCF-0 was wrapped with one layer of CFRP before the 
circularization. 
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The ultimate axial stress of Specimens HCF-0, VCF-0 and CF-0 were 1.4, 1.3 and 1.3 
times, respectively, of the ultimate axial stress of Specimen N-0. The ultimate axial 
stress of Specimen RF-0 was 1.2 times of the ultimate axial stress of Specimen N-0. The 
effect of hole on the behaviour of the hollow specimens is reduced after circularization 
especially when the square hollow specimen was bonded with longitudinal CFRP straps 
or transverse CFRP wrapping. However, bonding the square hollow specimen with 
longitudinal or transverse CFRP were more effective in enhancing the yield axial load 
rather than the ultimate axial load, as shown in Figure 8.12 for Specimens HCF-0 and 
VCF-0. Specimens HCF-0 and VCF-0 were considered to be effectively confined as 
they showed increased axial load from the yield load up to the failure load. Furthermore, 
the increase in strength and ductility for Specimen CF-0 relative to Specimen N-0 were 
more significant than the increase in strength for Specimen CF-0 relative to Specimen 
RF-0 due to the presence of CFRP confinement for Specimen RF-0. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.12 Axial stress-axial deformation behaviour of the specimens tested 
under concentric axial compression excluding cross-sectional area enlargement 
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8.5.2 Axial Load and Bending Moment Interactions 
Eccentric load subjects the column specimen to axial load and bending moment. The 
axial load-bending moment interaction diagrams for the tested specimens were drawn in 
Figure 8.13 to illustrate the effect of the load eccentricity on the behaviour of the 
specimens. The experimental axial load-bending moment interactions of Groups N, RF, 
CF, VCF and HCF were determined at the ultimate axial load and the corresponding 
bending moment for specimens under concentric, 25 mm and 50 mm eccentric axial 
loads and four-point bending. 
 
The experimental ultimate bending moment of eccentrically loaded column specimens 
was calculated by multiplying the maximum axial load (𝑃𝑚𝑎𝑥) with the applied initial 
eccentricity (𝑒) and the lateral deformation at the ultimate axial load (δ) as follow: 
 
  𝑀𝑢 = 𝑃𝑚𝑎𝑥 (𝑒 +  δ)                                                      (8.1) 
 
The experimental moment capacity of beam specimens was calculated as follows: 
 
  𝑀𝑢 = 𝑃𝑚𝑎𝑥  (𝑙/6)                                                       (8.2) 
 
where 𝑙 is the length of  span of four-point bending test (𝑙 = 700 mm in this study). 
 
For concentrically loaded specimens, the increase in the ultimate axial load compared to 
Specimen N-0 was 17% and 119% for Specimens RF-0 and CF-0, respectively. For 
specimens tested under 25 mm eccentric axial load, Specimens RF-25 and CF-25 
achieved 8% and 88%, respectively, larger ultimate axial load compared to Specimen 
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N-25. The bending moment at the ultimate axial load of Specimens RF-25 and CF-25 
was 14% and 134%, respectively, larger than that of Specimen N-25. Specimens RF-50 
and CF-50 achieved 29% and 125%, respectively, larger ultimate axial load compared 
to Specimen N-50. The bending moment at ultimate axial load of Specimens RF-50 and 
CF-50 was 29% and 128%, respectively, larger than that of Specimen N-50. 
 
For specimens tested under four-point bending, the bending moment at ultimate load of 
Specimens RF-F and CF-F was 17% and 89%, respectively, larger than that of 
Specimen N-F. Figure 8.13 and Table 9.1 show that circularizing specimens was more 
efficient in increasing the ultimate load and corresponding bending moment of CFRP 
confined square hollow specimens than rounding the corners under different loading 
eccentricities. The increased load eccentricity reduced the ultimate axial load of the 
tested specimens. The decreased ultimate axial load with the increased eccentricity of 
the applied axial load was due to the increased bending moment that resulted from the 
combination of initial eccentricity and the generated secondary bending moment. 
 
Specimen VCF-0 showed similar ultimate load to Specimen CF-0 as the contribution of 
longitudinal CFRP straps to the ultimate axial load was insignificant. The longitudinal 
CFRP straps increased the strength of the circularized and CFRP wrapped hollow RC 
specimens under eccentric axial loads because the longitudinal CFRP straps increased 
the tensile resistance of specimens in the tension side. Specimen VCF-25 achieved 6% 
and 5%, respectively, larger ultimate axial load and larger bending moment compared to 
specimen CF-25. 
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Note: Pu is the ultimate axial load, Mu is the ultimate bending moment, Ag is 
the gross section area, f’c is the compressive strength of concrete, D is the 
diameter of circular specimens and h is the side length of the cross section of 
square specimens 
Figure 8.13 Experimental axial load-bending moment interaction diagrams 
of the tested specimens. 
(a)  Axial load-bending moment interaction diagrams  
(b) Normalized axial load-bending moment interaction diagrams 
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Specimen VCF-50 achieved 10% and 26%, respectively, larger ultimate axial load and 
larger bending moment compared to specimen CF-50. Specimen VCF-F achieved 31% 
larger bending moment compared to Specimen CF-F. 
 
Specimen HCF-25 achieved 16.5% and 4%, respectively, larger ultimate axial load and 
larger bending moment compared to specimen CF-25. Specimen HCF-50 achieved 8% 
and 9%, respectively, larger ultimate axial load and larger bending moment compared to 
specimen CF-50. Specimen HCF-F achieved 6.5% larger bending moment compared to 
Specimen CF-F. 
 
It is clear from Figure 8.13 that the load carrying capacity of all specimens was reduced 
with the increase of the bending moment. The circularized specimens achieved the 
highest ultimate axial load and bending moment. The presence of the longitudinal CFRP 
straps reduces the effect of bending moment on the ultimate load of Specimens VCF-25, 
Specimen VCF-50 and Specimen VCF-F. Hence, Specimens VCF-25, VCF-50 and 
VCF-F achieved the highest ultimate load and the highest bending moment compared to 
the corresponding specimens in Groups HCF, CF, RF and N. 
 
8.6  Summary 
The results of testing 20 square hollow RC specimens were reported to illustrate the 
applicability of circularization on the behaviour of CFRP confined hollow RC 
specimens under concentric axial loads, eccentric axial loads and four-point bending. 
Strengthening the square hollow specimen with longitudinal CFRP straps and transverse 
CFRP wrapping before circularisation is illustrated and discussed. The test results 
proved that circularization is an effective strengthening method for strengthening RC 
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hollow specimens under different loading conditions. The longitudinal CFRP straps 
increases the capacity of the circularized and CFRP wrapped hollow RC specimens 
under eccentric loads. The next chapter presents parametric investigation for theoretical 
axial stress-axial strain curves and theoretical axial load-bending moment interactions of 
CFRP confined hollow concrete specimens after justifying the theoretical results with 
the experimental results presented in the above chapters. 
 
152 
 
 
9 THEORETICAL RESULTS AND DISCUSSIONS 
 
9.1 Introduction 
In this  chapter, the theoretical results of the small specimens subjected to concentric 
axial loads and the theoretical results of the reinforced concrete specimens subjected to 
different loading eccentricities are presented and discussed. The theoretical 
investigation of the small specimens included the axial stress-axial strain relationships 
of CFRP wrapped square and circularized solid and hollow concrete specimens 
subjected to concentric axial loads. The theoretical investigations of the RC specimens 
included two parts. The first part of the theoretical investigations of the RC specimens 
included the axial stress-axial strain relationships of the CFRP wrapped square and 
circularized hollow RC specimens subjected to concentric axial loads. The second part 
of the theoretical investigations included the theoretical axial load-bending moment 
interactions for the CFRP wrapped square and circularized hollow RC specimens 
subjected to different loading eccentricities. 
 
The unified model in Chapter 4 is introduced to determine the CFRP confined concrete 
compressive strength of the specimens. The strain model and stress-strain relationship 
are presented using well-known models available in the literature. The theoretical axial 
stress-axial strain results are verified with the experimental results. A parametric study 
is conducted to investigate the effect of corner radius, number of CFRP layers and hole 
size on the axial stress-axial strain relationships of the CFRP wrapped square and 
circularized hollow RC specimens subjected to concentric axial loads. 
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The equivalent stress block and the layer by layer integration methods are used to 
determine the axial load-bending moment interactions of the CFRP wrapped square and 
circularized hollow RC specimens. The theoretical axial load-bending moment 
interactions for CFRP wrapped square and circularized hollow RC specimens are 
verified with the experimental axial load-bending moment interactions of the specimens 
subjected to concentric axial loads, eccentric axial loads and four-point bending in 
Groups RF, CF and VCF. Finally, a parametric study was conducted to investigate the 
effects of corner radius, number of CFRP layers and hole size on the axial load-bending 
moment interactions of the CFRP confined hollow RC specimens under different 
loading eccentricities. 
 
9.2 Assumptions of the Theoretical Analysis 
For the purpose of theoretical analysis of the circularized and CFRP wrapped hollow 
RC specimens, the contribution of the transverse CFRP around the square specimens in 
Group HCF to the confinement was neglected due to the sharp corners of the square 
specimens. Therefore, it is assumed that the theoretical axial stress-axial strain 
relationships and the theoretical axial load-bending moment interactions of Specimens 
CF and HCF are the same. 
 
The effect of longitudinal CFRP straps was also neglected for concentrically loaded 
specimen in Group VCF. The longitudinal CFRP straps in the sides of specimen 
(specimens in Group VCF) were divided into three layers for the ease of calculation. 
The longitudinal CFRP straps in the compression side with respect to the calculated 
neutral axes were ignored. The components of the typical cross-section of Group VCF 
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are shown in Figure 9.1. The modelling of each component of the cross-section is 
presented below. 
 
 
 
 
 
 
 
 
 
9.2.1 Modelling of CFRP Confined Hollow Concrete Columns 
The theoretical axial stress-axial strain relationships and the theoretical axial load-
bending moment interactions are determined using the unified model developed in 
Chapter 4 (Equation 4.8). The ultimate strain at ultimate compressive strength of FRP 
confined concrete was determined using the model in Lam and Teng (2003a): 
 
𝜀𝑐𝑢 = 𝜀𝑐𝑜 [1.75 + 12 
𝑓𝑙
𝑓𝑐𝑜´
 (
𝜀ℎ,𝑟𝑢𝑝
𝜀𝑐𝑜
)
0.45
]                                         (9.1) 
 
The continuous stress-strain model proposed by Lam and Teng (2003b) was adopted to 
calculate the stress and the corresponding strain of CFRP confined concrete specimens 
as: 
Cross section of 
Group VCF 
CFRP confined 
concrete 
Steel bars Longitudinal 
CFRP straps 
Figure 9.1 Components of cross section of Specimens in Group VCF 
 
155 
 
 
𝜎𝑐 = {  
𝐸𝑐εc  −  
((𝐸𝑐 − 𝐸2))
2
4𝑓𝑐𝑜´
 εc
2              for  0 ≤   εc   ≤  εt                    (9.2)
𝑓𝑐𝑜
´ +  𝐸2εc                                          for  εc  ≤  εt  ≤  εcu                   (9.3)
 
 
 
𝐸2  =  
𝑓𝑐𝑐
´ − 𝑓𝑐𝑜
´
εcu
                                                     (9.4) 
 
𝜀𝑡  =   
2𝑓𝑐𝑜
´  
𝐸𝑐 −  𝐸2
                                                      (9.5) 
 
where 𝐸𝑐  is the modulus of elasticity. The 𝐸𝑐was calculated according to ACI 318 M-
2011 (ACI 2011) as: 
 
𝐸𝑐  =  4730 √𝑓𝑐𝑜´                                                       (9.6) 
 
9.2.2 Modelling of RC Columns 
The contribution of circular helix to the confinement of steel reinforced circular 
concrete column at the ultimate axial load capacity is insignificant according to the 
design guidelines of ACI 318 M-2011 (ACI 2011). Similarly, the confinement of square 
steel ties of the unconfined columns was ignored. The unconfined compressive strength 
of concrete was determined by the continuous axial stress-axial strain model proposed 
by Popovics (1973) as: 
 
𝑓𝑐  =  𝑓𝑐𝑜
´  
ʊ 𝜀𝑐 
𝜀𝑐𝑜 (ʊ − 1 + (
𝜀𝑐
𝜀𝑐𝑜
)ʊ)
                                         (9.7) 
 
where ʊ  is a coefficient which was calculated as: 
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ʊ =  
𝐸𝑐
𝐸𝑐 −  
𝑓𝑐𝑜′
𝜀𝑐𝑜
                                                          (9.8) 
 
The unconfined concrete strain (𝜀𝑐𝑜) was calculated according to Tasdemir et al. (1998) 
as: 
 
𝜀𝑐𝑜  =  (−0.0067 𝑓𝑐𝑜
´ 2 + 29.9 𝑓𝑐𝑜
´ + 1053) x 10−6                          (9.9) 
 
9.2.3 Modelling of Steel Bars 
The behaviour of steel reinforcement is elastic up to the yield point, after the yield point 
the behaviour of steel is perfectly plastic. The axial tensile and axial compressive 
stresses of steel bars were calculated as: 
 
𝑓𝑠  =  𝐸𝑠 ԑ𝑠  ≤  𝑓𝑠𝑦                                                   (9.10) 
 
where ԑ𝑠 is the axial strain, 𝐸𝑠 is the elastic modulus of steel and 𝑓𝑠𝑦 is the yield strength 
of steel. 
 
9.2.4 Modelling of Longitudinal CFRP Straps 
The behaviour of CFRP is linear elastic up to failure. The axial tensile stress of 
longitudinal CFRP straps was calculated as: 
 
𝑓𝑓𝑟𝑝  = 𝐸𝑓𝑟𝑝 ԑ𝑓𝑟𝑝  ≤  𝑓𝑓𝑢                                        (9.11) 
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9.3 Theoretical Axial Stress-Axial Strain Relationships of Solid and Hollow Small 
Concrete Specimens 
Figures 9.2, 9.3, 9.4 and 9.5 show the experimental and theoretical axial stress-axial 
strain relationships of square and circularized solid and hollow small concrete 
specimens. The theoretical ultimate axial stress and the theoretical axial strain at failure 
of Specimen SRF-0 were 87% and 85%, respectively, of the corresponding 
experimental ultimate axial stress and axial strain. The theoretical ultimate axial stress 
and the theoretical axial strain at failure of Specimen HRF-0 were 100% and 88%, 
respectively, of the corresponding experimental ultimate axial stress and axial strain. 
 
The theoretical ultimate axial stress and the theoretical axial strain at failure of 
Specimen SLCF-0 were 82% and 98%, respectively, of the corresponding experimental 
ultimate axial stress and axial strain. 
 
 
 
 
 
 
 
 
Figure 9.2 Experimental versus theoretical axial stress-axial strain 
relationships for Specimen SRF 
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Figure 9.4 Experimental versus theoretical axial stress-axial strain 
relationships for Specimen SLCF 
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Figure 9.3 Experimental versus theoretical axial stress-axial strain relationships 
for Specimen HRF 
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The theoretical ultimate axial stress and the theoretical axial strain at failure of 
Specimen HLCF-0 were 86% and 108%, respectively, of the corresponding 
experimental ultimate axial stress and axial strain. The axial stress-axial strain 
relationships constructed using the ultimate FRP confined concrete compressive 
strength proposed in Chapter 4, the strain model and stress-strain relationships in Lam 
and Teng (2003b) matched very well with the corresponding experimental axial stress-
axial strain relationships. 
 
9.4 Theoretical Axial Stress-Axial Strain Relationships of  RC Specimens 
Subjected to Concentric Axial Loads 
Figures 9.6 and 9.7 show the experimental and theoretical axial stress-axial strain 
relationships of square and circularized RC specimens subjected to concentric axial 
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Figure 9.5 Experimental versus theoretical axial stress-axial strain 
relationships for Specimen HLCF 
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loads, respectively. The theoretical ultimate axial stress and the theoretical axial strain at 
failure of Specimen RF-0 were 97% and 58%, respectively, of the corresponding 
experimental ultimate axial stress and corresponding strain. The theoretical ultimate 
axial stress and the theoretical axial strain at failure of Specimen CF-0 were 102% and 
64%, respectively, of the corresponding experimental ultimate axial stress and axial 
strain at failure.  
 
 
 
 
 
 
 
 
The theoretical ultimate axial stress and the theoretical axial strain at failure of 
Specimen VCF-0 were 98% and 72%, respectively, of the corresponding experimental 
axial stress and failure strain. The theoretical ultimate axial stress and the theoretical 
axial strain at failure of Specimen HCF-0 were 96% and 76%, respectively, of the 
corresponding experimental ultimate axial stress and axial strain. The axial stress-axial 
strain relationships constructed using the ultimate FRP confined concrete compressive 
strength proposed in Chapter 4, the strain model and stress-strain relationships in Lam 
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Figure 9.6 Experimental versus theoretical axial stress-axial strain 
relationships for the Specimen RF-0 
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and Teng (2003b) matched very well with the corresponding experimental axial stress-
axial strain relationships. 
 
 
 
 
 
 
 
 
 
9.5 Theoretical Axial Stress-Axial Strain Relationships (Parametric Study) 
After verifying the theoretical axial stress-axial strain results with the corresponding 
experimental results, a parametric study was conducted to investigate the effect of 
corner radius, number of CFRP layers and hole size on the axial stress-axial strain 
relationships of CFRP confined hollow RC columns subjected to concentric axial loads. 
The parametric study considered CFRP wrapped square and circularized RC columns 
(150 mm x 150 mm in cross-section for square column and 212 mm diameter for 
circularized column). Different hole sizes were applied for the considered columns. The 
height of specimens is 800 mm. The columns were reinforced with four longitudinal 
steel bars of 500 MPa yield tensile strength. The columns were reinforced with 6 mm 
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Figure 9.7 Experimental versus theoretical axial stress-axial strain 
relationships for the Specimens CF-0, VCF-0 and HCF-0 
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steel stirrups of 250 MPa yield tensile strength placed at 50 mm centre to centre. The 
confinement material considered to confine the columns is CFRP with maximum tensile 
force per unit width of 550 N/mm with strain at maximum tensile force of 0.016 
mm/mm for one layer. The unconfined compressive concrete strength considered for the 
columns is 47 MPa. The proposed unified FRP confinement in Chapter 4 (Equation 
4.18) with the continuous axial stress-axial strain equations proposed in Lam and Teng 
(2003b) were used to conduct the parametric investigation. 
 
9.5.1 Effect of Corner Radius on the Axial Stress-Axial Strain Relationships for 
Square Hollow RC Specimens 
The effect of corner radius (10 mm, 30 mm, 50 mm and 75 mm) on the axial stress-axial 
strain relationships of CFRP confined square hollow RC columns subjected to 
concentric axial load was investigated. The coefficient 𝛽 was fixed at a value of 0.85 
for all columns to keep the same effect of hole on the investigated columns. Figure 9.8 
shows the axial stress-axial strain relationships of the theoretically investigated columns 
with different corner radius. 
It is clear from Figure 9.8 that the increase in corner radius results in larger axial stress-
axial strain curve under concentric axial load. This is because the increase in corner 
radius results in higher confinement efficiency of CFRP confined columns which 
increased the capacity of the column to sustain higher ultimate axial stress and larger 
axial strain. 
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9.5.2 Effect of Number of CFRP Layers on the Axial Stress-Axial Strain 
Relationships for Square and Circularized Hollow RC Columns 
Different numbers of CFRP layers were considered to investigate the effect of number 
of CFRP layers on the performance of square and circularized hollow RC specimens 
under concentric axial load. The considered square specimens have had 20 mm corner 
radius. The coefficient 𝛽 for the considered columns was fixed at a value of 0.85. 
 
Figures 9.9 and 9.10 show, respectively, the axial stress-axial strain relationships for the 
square and circularized hollow RC columns wrapped with 1, 2, 3 and 4 CFRP layers.  
 
Figure 9.8 Theoretical axial stress-axial strain relationships of square RC columns 
with different corner radius 
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Figure 9.9 Theoretical axial stress-axial strain relationships of square RC 
columns with different corner radius 
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Figure 9.10 Theoretical axial stress-axial strain relationships of circularized 
RC columns with different corner radius 
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Figures 9.9 and 9.10 show that the increase in the number of CFRP layers results in 
larger axial stress-axial strain curve of the hollow RC columns subjected to concentric 
axial loads. However, the influence of number of CFRP layers on the axial strain-axial 
strain curve is less significant with the increase in the number of layers. The influence 
of number of CFRP layers is more significant for the circularized columns than for the 
square columns. 
 
9.5.3 Effect of Hole Size on the Axial Stress-Axial Strain Relationships for Square 
and Circularized Hollow RC Columns 
Figures 9.11 and 9.12 show, respectively, the axial stress-axial strain relationships of 
CFRP wrapped square and circularized RC columns subjected to concentric axial loads 
with different hole sizes. The considered square columns had 20 mm corner radius. The 
considered columns were wrapped with two layers of CFRP.  
 
 
 
 
 
 
 
 Figure 9.11 Theoretical axial stress-axial strain relationships of square RC 
columns with different hole sizes 
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The considered columns tested with different diameter of hole to outer dimeter ratios 
(values of 𝛽 equivalent to these ratios are: 0.7, 0.8, 0.9 and 1). It was found that the 
increase in hole size results in lower axial stress and axial strain of the specimens. The 
influence of hole size was higher for the circularized columns than for the square 
columns. 
 
9.6 Axial Load-Bending Moment Interactions 
The theoretical axial load-bending moment interactions of Groups RF, CF and VCF 
were determined using the proposed confinement model in Chapter 4. The equivalent 
stress block method and the layer by layer integration method were used to determine 
the axial load and corresponding bending moment for each group at concentric axial 
load, 25 mm and 50 mm eccentric axial loads and four-point bending. For the purpose 
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Figure 9.12 Theoretical axial stress-axial strain relationships of circularized 
RC columns with different hole sizes 
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of analysis, it was assumed that the plain section remains plain before and after bending. 
Also, full bond was assumed between the concrete and embedded steel and between the 
concrete and the attached CFRP. Full bond was also assumed between the specimens 
and the concrete segments 
 
9.6.1 Equivalent Rectangular Stress Block Method 
In this method, the theoretical axial load and bending moment of the tested specimens 
under concentric axial loads, eccentric axial loads and four-point bending were 
determined by using the equivalent rectangular stress block according to AS 3600 
(2009). Figure 9.13 show the profile of the equivalent stress and strain distribution of 
specimen strengthened with longitudinal CFRP straps then circularized with for 
concrete segments and wrapped with CFRP (Specimens in Group VCF). 
 
The equivalent stress block is based on the strain compatibility in the concrete cross-
section between steel bars and concrete. This method assumes that the stresses acting on 
concrete section in compression zone is equivalent to stress block of (𝛼2𝑓𝑐𝑜
´ ) width and 
(𝛾𝑑𝑛) depth. The parameters 𝛼2 and 𝛾 are calculated using Equation 9.12 and Equation 
9.13, respectively. 
 
𝛼2 = 1 − 0.003𝑓𝑐𝑜
´                      0.67 ≤ 𝛼2 ≤ 0.85                                 (9.12) 
 
𝛾 = 1.05 − 0.007𝑓𝑐𝑜
´                      0.67 ≤ 𝛾 ≤ 0.85                             (9.13) 
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Equation 9.14 is used to determine the area of concrete in compression for circular 
specimens. Equation 9.15 and Equation 9.16 were used to calculate the centroid of the 
concrete in compressive zone for circular specimens (Figure 9.14). 
 
𝐴𝑐 = (𝜃 − 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃)(𝐷/2)
2                                             (9.14) 
 
𝑦𝑐 =
4𝑅(𝑠𝑖𝑛𝜃)2
3(2𝜃 − 𝑠𝑖𝑛2𝜃)
    for   𝛾 𝑑𝑛 <  𝐷/2                                     (9.15) 
 
𝑦𝑐 =
2𝑅(𝑠𝑖𝑛𝜃)3
3(𝜋 − 𝜃 + 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃)
    for   𝛾 𝑑𝑛 >  𝐷/2                          (9.16) 
 
where 𝑦𝑐, 𝑅 and 𝜃 are as shown in Figure 9.14. 
𝑏
ℎ
 D
O
 
𝑑
𝑛
 
PCc 
2Fsc 
2Ffrp
2Ffrp
2Ffrp2
2Fst 
Ffrp1 
𝑓𝑐𝑐
´  
εfrp2 
εfrp1 
εfrp3 
εsc 
εst 
εfrp4 
Figure 9.13 Sketch of stress and strain profile of Group VCF using equivalent stress block 
method 
CFRP straps 
𝑏ℎ 
Steel 
bars 
Column cross-section Strain distribution Stress distribution Equivalent stress 
block  
CFRP straps under 
tension in the sides 
divided into 3 layers 
εcc 
Layer 1 
Layer 2 
Layer 3 
𝛼2𝑓𝑐𝑐
´  
𝛾
𝑑
𝑛
 
 
169 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The load capacity of the specimens under concentric axial compression was calculated 
as: 
 
𝑃𝑎  = 0.85 𝑓𝑐𝑐
´ (𝐴𝑔−𝐴𝑠)  +   𝑓𝑠𝑦𝐴𝑠                                           (9.17)      
 
where 𝐴𝑔 is the gross-sectional area of column and 𝐴𝑠 is the total area of longitudinal 
steel bars. The compressive strength of confined concrete was calculated using Equation 
4.17. 
 
The strains of each steel bars (ԑ𝑠𝑖) at the distance from the extreme compression fibre of 
the cross-section (𝑑𝑠𝑖) was calculated as: 
 
Centroid of compression 
concrete 
ɑ > R; θ > 900  
θ =1800 - ɸ 
ɸ = cos-1 (ɑ/R-1) 
 
ɑ ≤ R; θ < 900  
θ = cos-1 (1- ɑ/R)  
Figure 9.14 Centroid of the compression zone of circular column 
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ԑ𝑠𝑖 =  ԑ𝑐𝑢
𝑑𝑁 − 𝑑𝑠𝑖
𝑑𝑁
                                                        (9.18)   
The tensile and compressive stresses of each steel bar were calculated as: 
 
𝑓𝑠𝑖  = 𝐸𝑠 ԑ𝑠𝑖  ≤  𝑓𝑠𝑦                                                         (9.19) 
 
The tensile and compressive forces of each longitudinal steel bar were calculated as: 
 
𝐹𝑠𝑖  = 𝐴𝑠𝑖  𝑓𝑠𝑖                                                              (9.20) 
 
The strain of each longitudinal CFRP straps (ԑ𝑓𝑟𝑝𝑖) at the distance from the extreme 
compression fibre of the cross-section (𝑑𝑓𝑖) was calculated as: 
 
ԑ𝑓𝑟𝑝𝑖 = ԑ𝑐𝑢
𝑑𝑁 − 𝑑𝑓𝑖
𝑑𝑁
                                                        (9.21) 
 
The tensile stress of each longitudinal CFRP strap was calculated as: 
 
𝑓𝑓𝑟𝑝𝑖 = 𝐸𝑓𝑟𝑝 ԑ𝑓𝑟𝑝𝑖  ≤    𝑓𝑓𝑢                                                (9.22) 
 
The tensile force of each CFRP strap was calculated as: 
 
𝐹𝑓𝑟𝑝𝑖  = 𝐴𝑓𝑟𝑝𝑖 𝐹𝑓𝑟𝑝𝑖                                                         (9.23) 
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The axial load capacity of the specimens was determined by summation of the load 
capacity of concrete, the forces acting on the steel bars and longitudinal CFRP straps as: 
 
  𝑃𝑢 = 0.85 𝑓𝑐𝑜
´  𝐴𝑐 + ∑  𝐹𝑠𝑖
𝑛𝑠
𝑖=1
+ ∑ 𝐹𝑓𝑟𝑝𝑖
𝑛𝑓
𝑖=1
                                    (9.24) 
 
The bending moment capacity of the specimens was determined by summation of the 
moment capacity of concrete, steel and the longitudinal CFRP straps. 
 
  𝑀𝑢 = 𝐴𝑐  𝑦𝑐 + ∑  𝐹𝑠𝑖
𝑛𝑠
𝑖=1
𝑦𝑠𝑖 + ∑ 𝐹𝑓𝑟𝑝𝑖
𝑛𝑓
𝑖=1
𝑦𝑓𝑟𝑝𝑖                                (9.25) 
 
where 𝑛𝑠  is the number of steel bars and  𝑛𝑓 is the number of longitudinal CFRP 
straps. 
 
9.6.2 Layer by Layer Integration Method 
In this method, the cross-section of the column is divided to a finite number of layers 
with a certain thickness (𝛥ℎ). In this study, the thickness of layer was taken as 1 mm. 
The tensile strength of concrete in the tension zone was ignored. Figure 9.1 and Figure 
9.15 show, respectively, the components of the cross-section and the profile of the 
layers of specimen strengthened with longitudinal CFRP straps then circularized with 
four concrete segments and wrapped with CFRP (Specimens in Group VCF). 
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The position of each layer was measured from the centre of layer to the centre of the 
circular cross-section and calculated as: 
 
𝑦 𝑖 = 𝑅 − 𝛥ℎ(𝑖 − 0.5)                                                    (9.26) 
 
where 𝑖 is considered ascending from the top layer towards the bottom layer (Figure 
9.15). 
 
The width of each layer of circular cross sections was calculated as: 
 
𝑏𝑖 = 2  √(𝑅𝑜2 − 𝑦𝑖
2)                                                (9.27) 
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The width of the hole (𝑏ℎ) was subtracted from the width of the layer (𝑏𝑖) in the region 
of the intersection of the layer with the hole. Therefore the width of the layer in these 
regions was calculated as: 
 
𝑏𝑖 = 2  √(𝑅𝑜2 − 𝑦𝑖
2) − 𝑏ℎ                                            (9.28) 
 
The strain of each layer was calculated based on the linear distribution of strains along 
the depth of the cross-section as a proportion to the ultimate compressive strain at the 
extreme compressed fibre (Figure 9.15).  The compressive strain of concrete at the 
centre of each layer was calculated as: 
 
ԑ𝑐𝑖 =  𝑦𝑖  ԑ𝑐𝑢 𝑑𝑁                                                     (9.29) 
 
After estimating the strains, the compressive stress of each layer was calculated by 
using the proposed unified model (Equation 4.18). The axial load of each layer was 
calculated by multiplying the axial stress of the layer with the area of the layer as: 
 
  𝑃𝑐𝑖 =   𝑓𝑐𝑖
´  𝐴𝑐𝑖                                                          (9.30) 
 
The bending moment in each layer was calculated by multiplying the load of each layer 
by the distance the centre of the layer to the centreline of the cross-section as: 
 
  𝑀𝑐𝑖 =   𝑃𝑐𝑖 𝑦𝑖                                                           (9.31) 
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The strains of each steel bars (ԑ𝑠𝑖) at the distance from the extreme compression fibre of 
the cross-section (𝑑𝑠𝑖) was calculated using Equation 9.18. The tensile and compressive 
stresses (𝑓𝑠𝑖) of each steel bar were calculated using Equation 9.19. The tensile and 
compressive forces (𝐹𝑠𝑖) of each longitudinal steel bar were calculated using Equation 
9.20. The strain (ԑ𝑓𝑟𝑝𝑖) of each longitudinal CFRP straps at the distance from the 
extreme compression fibre of the cross-section (𝑑𝑓𝑖) was calculated using Equation 
9.21. The tensile stress (𝑓𝑓𝑟𝑝𝑖) of each longitudinal CFRP strap was calculated using 
Equation 9.22. The tensile force  (𝐹𝑓𝑟𝑝𝑖)  of each CFRP strap was calculated using 
Equation 9.23. 
 
The axial load capacity of the specimens was determined by summing the forces in each 
layer, the forces in steel bars and longitudinal CFRP straps as: 
 
  𝑃𝑢 = 0.85 ∑  𝑃𝑐𝑖
𝑛
𝑖=1
+ ∑  𝐹𝑠𝑖
𝑛𝑠
𝑖=1
+ ∑ 𝐹𝑓𝑟𝑝𝑖
𝑛𝑓
𝑖=1
                                 (9.32) 
 
The bending moment capacity of the specimens was determined by summing the 
bending moment in each layer and the bending moment of steel and the longitudinal 
CFRP straps. 
 
  𝑀𝑢 = ∑  𝑀𝑐𝑖
𝑛
𝑖=1
+ ∑  𝐹𝑠𝑖
𝑛𝑠
𝑖=1
𝑦𝑠𝑖 + ∑ 𝐹𝑓𝑟𝑝𝑖
𝑛𝑓
𝑖=1
𝑦𝑓𝑟𝑝𝑖                          (9.33) 
 
where 𝑛 is the number of concrete layers of the cross section. 
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9.7 Theoretical Axial Load-Bending Moment Interactions  
Figure 9.16 shows the experimental and theoretical axial load-bending moment 
interactions of the tested specimens in Groups N, RF, CF, VCF and HCF. Table 9.1 
shows the experimental and theoretical axial load and bending moment of the tested 
specimens determined using the block stress and layer by layer integration methods. 
 
For Group N, by using the Stress block method, the theoretical axial loads were 105%, 
100% and 110%, respectively, of the corresponding experimental axial loads for 
Specimens N-0, N-25 and N-50. The theoretical bending moments were 91%, 101% and 
95%, respectively, of the corresponding experimental bending moments for Specimens 
N-25, N-50 and N-F. By using the layer by layer integration method, the theoretical 
axial loads were 105%, 102% and 113%, respectively, of the corresponding 
experimental axial loads for Specimens N-0, N-25 and N-50. The theoretical bending 
moments were 93%, 103% and 97%, respectively, of the corresponding experimental 
bending moments for Specimens N-25, N-50 and N-F. 
 
For Group RF, by using the stress block method, the theoretical axial loads were 95%, 
98% and 94% for Specimens RF-0, RF-25, and RF-50, respectively, of the 
corresponding experimental axial loads. The theoretical bending moments at ultimate 
axial loads were 85%, 86% and 80% for Specimens RF-25, RF-50, and RF-F, 
respectively, of the corresponding experimental bending moment. By using the layer by 
layer integration method, the theoretical axial loads were 89%, 105% and 102%, 
respectively, of the corresponding experimental axial loads for Specimens RF-0, RF-25 
and RF-50. The theoretical bending moments were 91%, 95% and 82%, respectively, of 
 
176 
 
the corresponding experimental bending moments for Specimens RF-25, RF-50 and RF-
F. 
 
For Group CF, by using the stress block method, the theoretical axial loads were 86%, 
99% and 94% for Specimens CF-0, CF-25, and CF-50, respectively, of the 
corresponding experimental axial loads. The theoretical bending moments at ultimate 
axial loads were 73%, 86% and 68% for Specimens CF-25, CF-50, and CF-F, 
respectively, of the corresponding experimental bending moment. By using the layer by 
layer integration method, the theoretical axial loads were 86%, 106% and 102%, 
respectively, of the corresponding experimental axial loads for Specimens CF-0, CF-25 
and CF-50. The theoretical bending moments were 78%, 93% and 72%, respectively, of 
the corresponding experimental bending moments for Specimens CF-25, CF-50 and CF-
F. 
 
For Group VCF, by using the stress block method, the theoretical axial loads were 86%, 
95% and 89% for Specimens VCF-0, VCF-25, and VCF-50, respectively, of the 
corresponding experimental axial loads. The theoretical bending moments at ultimate 
axial loads were 71%, 71% and 72% for Specimens VCF-25, VCF-50, and VCF-F, 
respectively, of the corresponding experimental bending moment. By using the layer by 
layer integration method, the theoretical axial loads were 86%, 101% and 94%, 
respectively, of the corresponding experimental axial loads for Specimens VCF-0, 
VCF-25 and VCF-50. The theoretical bending moments were 76%, 75% and 81%, 
respectively, of the corresponding experimental bending moments for Specimens VCF-
25, VCF-50 and VCF-F. 
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For Group HCF, by using the stress block method, the theoretical axial loads were 85%, 
85% and 87% for Specimens HCF-0, HCF-25, and HCF-50, respectively, of the 
corresponding experimental axial loads. The theoretical bending moments at ultimate 
axial loads were 70%, 78% and 64% for Specimens HCF-25, HCF-50, and HCF-F, 
respectively, of the corresponding experimental bending moment. By using the layer by 
layer integration method, the theoretical axial loads were 85%, 91% and 94%, 
respectively, of the corresponding experimental axial loads for Specimens HCF-0, 
HCF-25 and HCF-50. The theoretical bending moments were 75%, 85% and 68%, 
respectively, of the corresponding experimental bending moments for Specimens HCF-
25, HCF-50 and HCF-F. 
 
The theoretical axial load and bending moment determined using the layer by layer 
integration method and the stress block method matched well with the corresponding 
experimental axial load and bending moment for specimens in Groups N, RF, CF, VCF 
and HCF using. However, the layer by layer integration method showed better results 
than the stress block method. The difference between the theoretical and experimental 
bending moment was the highest for Specimen VCF-50 due to the excessive lateral 
deformation corresponding to the ultimate load resulted from the existing of 
longitudinal CFRP straps. 
 
The larger difference in the experimental and theoretical load-bending moments for the 
specimens tested under four-point bending might be because the shear span of the 
circularized beam specimens was shorter than twice the effective depth of concrete 
cross section. 
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Table 9.1 Experimental and theoretical axial load and bending moment results 
 
 
Specimen 
 
Axial Load 
(kN) 
 
Bending moment 
(kN-m) 
Experi-
mental 
 
Theoretical 
Experi-
mental 
 
Theoretical 
Layer by 
Layer method 
Stress 
block 
method 
Layer by 
Layer method 
Stress 
block 
method 
N-0 
 
989 
 
1039.0 1039.0 0.0 0.0 0.0 
N-25 
 
642 
 
652.5 641.2 17.5 
 
16.3 16.0 
N-50 
 
393 
 
443.5 431.3 21.3 
 
22.0 21.5 
N-F 
 
0.0 
 
0.0 0.0 16.0 
 
15.5 15.2 
RF-0 
 
1160 
 
1036 
1097 0.0 
 
0 
0 
RF-25 
 
692 
 
727.2 
681.6 20.0 
 
18.2 
17.04 
RF-50 
 
505 
 
517 
473.9 27.5 
 
26 
23.7 
RF-F 
 
0.0 
 
0 
0 19.0 
 
15.6 
15.17 
CF-0 
 
2169 
 
1865 
1864.5 0.0 
 
0 
0 
CF-25 
 
1209 
 
1277.5 
1197.9 41.0 
 
32 
29.95 
CF-50 
 
885 
 
899 
831.1 48.5 
 
45 
41.55 
CF-F 
 
0.0 
 
0 
0 30.5 
 
22 
20.75 
VCF-0 
 
2162 
 
1865 
1864.5 0.0 
 
0 
0 
VCF-25 
 
1279 
 
1297.3 
1220.3 43.0 
 
32.5 
30.51 
VCF-50 
 
975 
 
916 
865.6 61.0 
 
46 
43.28 
VCF-F 
 
0.0 
 
0 
0 40.0 
 
32.5 
28.73 
HCF-0 
 
2190 
 
1865 
1864.5 
 
0 
 
0 
0 
HCF-25 
 
1409 
 
1277.5 
1197.9 
 
42.5 
 
32 
29.95 
HCF-50 
 
955 
 
899 
831.1 
 
53 
 
45 
41.55 
HCF-F 
 
0 
 
0 0 
 
32.5 
 
22 20.75 
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Figure 9.16 Experimental versus theoretical axial load-bending moment 
interactions for the tested specimens 
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After verifying the theoretical axial load-bending moment interactions, a parametric 
study is conducted to investigate the effect of corner radius, number of CFRP layers and 
hole size on the axial load bending moment interactions for CFRP wrapped square and 
circularized hollow RC specimens in the next section. 
 
9.8  Theoretical Axial Load-Bending Moment Interactions (Parametric Study) 
A parametric study was conducted to investigate the effects of corner radius, number of 
CFRP layers and the hole size on the axial load and corresponding bending moment for 
CFRP wrapped square and circularized hollow RC columns under different loading 
eccentricities. The parametric study considered CFRP wrapped square and circularized 
short RC columns with 800 mm height, 150 mm x 150 mm cross-section for square 
columns and 212 mm diameter for circularized columns. Different hole sizes were 
applied for the considered columns. The height of columns is 800 mm. The columns 
were reinforced with four longitudinal steel bars of 500 MPa yield tensile strength. The 
columns were reinforced with 6 mm steel stirrups of 250 MPa yield tensile strength 
placed at 50 mm centre to centre. The confinement material considered to confine the 
columns is CFRP with maximum tensile force per unit width of 550 N/mm with strain 
at maximum tensile force of 0.016 mm/mm for one layer. The unconfined compressive 
concrete strength considered for the columns is 47 MPa. The proposed unified FRP 
confinement in Chapter 4 (Equation 4.18) with the continuous axial stress-axial strain 
equations proposed in Lam and Teng (2003b) and the layer by layer integration method 
were used to conduct the parametric investigation. 
 
The normalized axial load (Equation 9.34) and the normalized bending moment 
(Equation 9.35 and Equation 9.36) were determined for the comparisons to exclude the 
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effect of the change in cross-section area on the axial load and corresponding bending 
moment. 
 
𝑃𝑛 =  
𝑃 
𝑓𝑐𝑜′  𝐴𝑔
                                                               (9.34) 
 
𝑀𝑛  =
𝑀
𝑓𝑐𝑜′  𝐴𝑔𝐷
       for circularized columns          (9.35) 
 
𝑀𝑛  =
𝑀
𝑓𝑐𝑜′  𝐴𝑔ℎ
       for square columns                    (9.36) 
 
9.8.1 Effect of Corner Radius on the Axial Load-Bending Moment Interactions for 
Square Hollow RC Columns 
The effect of corner radius (10 mm, 20 mm, 30 mm and 40 mm) on the behaviour of 
CFRP confined square hollow RC columns subjected to concentric and eccentric axial 
loads and four-point bending was investigated. The coefficient 𝛽 was fixed at a value of 
0.85 for all columns to keep the same effect of hole on the investigated columns. Figure 
9.17 shows the axial load-bending moment interactions of the theoretically investigated 
columns. It is clear from Figure 9.17 that the increase in corner radius results in higher 
ultimate load and bending moment of the CFRP confined square columns under 
deferent loading eccentricities. This is because the increase in corner radius results in 
higher confinement efficiency of CFRP confined columns which increased the capacity 
of column to sustain higher ultimate load and larger lateral deformations. 
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9.8.2 Effect of Number of CFRP Layers on the Axial Load-Bending Moment 
Interactions for Square and Circularized Hollow RC Columns 
Different numbers of CFRP layers were considered to investigate the effect of number 
of CFRP layers on the performance of square and circularized hollow concrete columns 
under concentric and eccentric axial and four-point bending. The considered square 
columns have had 20 mm corner radius. The coefficient 𝛽 for the considered columns 
was fixed at a value of 0.88. Figure 9.18 shows the axial load-bending moment 
interactions for the square and circular hollow RC columns wrapped with 1, 2, 3, 4 and 
5 CFRP layers. 
 
Figure 9.18 shows that the increase in the number of CFRP layers results in higher 
ultimate load and corresponding bending moment of the columns under different 
Figure 9.17 Theoretical axial load-bending moment interactions of square columns 
with different corner radius 
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loading eccentricities. However, the influence of number of CFRP layers on the 
ultimate axial load and corresponding bending moment is less significant with the 
increase in the number of layers. 
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Figure 9.18 Theoretical axial load-bending moment interactions of the square 
and circularized columns with different number of CFRP layers 
a) Square specimens  
b) Circularized specimens 
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The influence of number of CFRP layers is more significant for circular columns than 
for square columns. The influence of number of CFRP layers decreases with the 
increase in the load eccentricity. Li and Hadi (2003) reported that the influence of 
number of CFRP layers on eccentrically loaded columns was less than that of 
concentrically loaded columns. This might be because the increased amount of 
eccentricity of applied axial load reduced the area of concrete under compression which 
reduced the area of confined concrete. 
 
9.8.3 Effect of Hole Size on the Axial Load-Bending Moment Interactions for 
Square and Circularized Hollow RC Columns 
Figure 9.19 shows the axial load-bending moment interactions of columns with 
different hole sizes. The considered square columns had 20 mm corner radius. The 
considered columns were wrapped with two layers of CFRP. The considered columns 
had different diameter of hole to outer dimeter ratios (values of 𝛽 equivalent to these 
ratios are: 0.7, 0.8, 0.9 and 1). 
 
It was found that the increased hole size reduced the axial load and the corresponding 
bending moment of the columns. However, the influence of hole size is less significant 
with the increased eccentricity. This might be because the increase in the load 
eccentricity results in closer position of the neutral-axis to the inner wall which reduced 
the effect of hole size on the area of confined concrete. The influence of hole size was 
higher for circularized columns than for square columns. 
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9.9  Summary 
In this chapter, the theoretical results of the square and circularized small specimens and 
RC specimens were presented and discussed. The theoretical axial stress-axial strain 
relationships of square and circularized solid and hollow small concrete specimens 
subjected to concentric axial loads were presented and verified with the corresponding 
experimental axial stress-axial strain relationships. The theoretical axial stress-axial 
strain relationships of hollow RC specimens subjected to concentric axial loads were 
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Figure 9.19 Theoretical axial load-bending moment interactions of square 
and circularized specimens with different hole sizes 
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presented and verified with the corresponding experimental axial stress-axial strain 
relationships. After verifying the theoretical results with the corresponding experimental 
results, a parametric study was conducted to investigate the effect of corner radius, 
number of CFRP layers and the hole size on the axial stress-axial strain relationships of 
the CFRP confined hollow RC specimens subjected to concentric axial loads. 
 
The theoretical axial load-bending moment interactions of the circularized and CFRP 
wrapped hollow RC specimens subjected to concentric axial load, 25 and 50 mm 
eccentric axial loads and four-point bending were presented and explained. The 
theoretical axial load-bending moment interactions were verified with the corresponding 
experimental results of the tested specimens using the equivalent stress block method 
and the layer by layer integration method. The equivalent stress block method and the 
layer by layer integration method can be used to construct the axial load-bending 
moment interactions for square and circularized hollow RC specimens. After verifying 
the theoretical results, a parametric study was conducted to investigate the effect of 
corner radius, number of CFRP layers and the effect of hole size on the axial load-
bending moment interactions of the CFRP confined square and circular hollow RC 
specimens subjected to different loading eccentricities. The parametric study was 
conducted using the layer by layer integration method. The theoretical axial stress-axial 
strain relationships and the theoretical axial load-bending moment interactions matched 
well with the experimental results. The next chapter presents the conclusions and 
recommendations of the study. 
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10 CONCLUSIONS AND RECOMMENDATIONS 
 
10.1 Conclusions 
Theoretical investigations were conducted to develop a general unified design-oriented 
strength model for FRP confined circular and non-circular solid and hollow concrete 
columns. The model was developed by regression analysis of a large number of data 
collected from the available experimental results in the literature. The model was 
proposed based on the predefined selected criteria. The proposed model covered data of 
unconfined concrete compressive strengths between 6.2 MPa and 112 MPa and 
confined (confined with different FRP materials) concrete compressive strength 
between 18.5 MPa and 217.3 MPa. The proposed model was compared with the 
existing FRP confinement models. 
 
An experimental program was conducted to investigate the applicability of the 
circularization and CFRP wrapping of square hollow concrete columns. The 
experimental program comprised testing of small plain concrete specimens and big RC 
specimens. The experimental program of small specimens was conducted by testing two 
groups of four solid and four hollow small concrete specimens under axial compression. 
The objectives the experimental program of small specimens was to investigate the 
effect of circularization for the CFRP wrapped hollow specimen compared to solid 
specimens and the effect of the length of concrete segments on the behaviour of 
circularized solid and hollow specimens. 
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The experimental program of big RC specimens (main experimental program) was 
conducted to investigate the behaviour of circularized and CFRP wrapped hollow RC 
specimens under different loading conditions. Twenty square hollow RC specimens 
were cast and tested. The specimens were divided into five groups of four specimens. 
The first group was the unconfined square hollow RC specimens. The second group was 
the CFRP confined square hollow RC specimens with rounded corners. The third group 
was the circularized and CFRP wrapped square hollow RC specimens. The fourth group 
was the square hollow RC specimens strengthened with vertical CFRP straps then 
circularized then wrapped with CFRP. The fifth group was the square RC specimens 
wrapped with one layer of CFRP then circularized then wrapped with CFRP. The first 
specimen from each group was subjected to a concentric axial load, the second and third 
specimens from each group were subjected to 25 mm and 50 mm concentric axial loads, 
respectively, the fourth specimen from each group was tested as a beam under four-
point bending. 
 
A theoretical study was also carried out to investigate the theoretical axial stress-axial 
strain relationships of CFRP wrapped square and circularized hollow concrete columns 
under concentric axial loads. After verifying the theoretical axial stress-axial strain 
curves with the experimental results, a parametric study was conducted to investigate 
the effect of corner radius, the number of CFRP layers and hole size on the axial stress-
axial strain relationships of CFRP wrapped square and circularized hollow RC columns 
under concentric axial loads. In addition, a theoretical study was carried out to construct 
the axial load-bending moment interactions of CFRP wrapped square and circularized 
hollow RC columns under different loading conditions. The layer-by-layer integration 
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method and the stress block method using the proposed FRP strength model adopting 
confinement ultimate confinement strain and stress-strain models in Lam and Teng 
(2003b) were used to construct the axial load bending moment interactions. A 
parametric study was conducted to investigate the effect of corner radius, the number of 
CFRP layers and hole size on the axial load-bending moment interactions of CFRP 
wrapped square and circularized hollow RC columns. The layer-by-layer method was 
used for the parametric investigations. 
 
Based on the experimental and theoretical investigations, the following conclusions are 
drawn: 
1. A general unified design-oriented strength model for FRP confined circular and 
non-circular solid and hollow concrete was developed. The developed model in 
this study showed better performance for FRP confined concrete compared to 
the existing strength models. 
2. Circularization proved to be an effective method in strengthening CFRP 
confined square hollow concrete specimens similar to CFRP confined solid 
concrete specimens. 
3. The experimental investigations carried out on testing the small specimens in 
this study demonstrated that the specimens circularized with full length concrete 
segments wrapped with CFRP achieved higher ultimate axial load than the 
specimens circularized with short concrete segments wrapped with CFRP. This 
enhancement was mainly due to the contribution of the section enlargement and 
corner mitigation. 
4. The hollow concrete specimens circularized with short concrete segments 
experienced higher ductility than the hollow concrete specimens circularized 
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with full length concrete segments. Therefore, the circularization with short 
concrete segments is more effective for hollow specimens than the 
circularization with full length concrete segments when the ductility is of main 
concern. 
5. When the effect of circularization was compared with rounding the corners of 
the CFRP confined specimens, after excluding the contribution from section 
enlargement, the circularization technique contributed less to the yield stress of 
the hollow specimens than to the yield stress of the solid specimens. The 
contribution to the ultimate axial strength from circularization is significantly 
more for both hollow and solid concrete specimens than from rounding the 
corners. 
6. Wrapping the square hollow RC specimens transversely with CFRP before 
circularization is more effective in enhancing the strength and ductility of the 
concentrically loaded circularized column than the eccentrically loaded 
circularized column. 
7. Bonding longitudinal CFRP straps on the sides of the square hollow RC 
specimens before circularization increased the strength and ductility of the 
eccentrically loaded circularized hollow RC specimens. 
8. Circularization and rounding the corners technique enhanced the strength and 
ductility of the square hollow RC specimens. However, the circularization was 
more effective in improving the behaviour of the hollow RC specimens after the 
yield load. 
9. The circularized specimens (specimens in Groups CF, VCF and HCF) achieved 
the highest axial load and bending moment followed by the rounded corner 
CFRP wrapped specimens (specimens in Group RF) under eccentric axial loads. 
 
191 
 
10. Bonding the specimens with longitudinal CFRP straps (specimens in Group 
VCF) increased the axial load carrying capacity and bending moment of the 
specimens under eccentric axial loads. 
11. The theoretical axial stress-axial strain relationships of the circularized and FRP 
wrapped square hollow specimens showed reasonable agreement with the 
corresponding experimental results. 
12. The parametric investigations revealed that the increase in corner radius resulted 
in higher ultimate axial stress and corresponding axial strain under concentric 
axial load. The increase in the number of CFRP layers resulted in higher 
ultimate axial stress and corresponding axial strain of the hollow RC columns 
subjected to concentric axial loads. However, the influence of number of CFRP 
layers on the axial stress-axial strain curve was less significant with the increase 
in the number of layers. The influence of number of CFRP layers on the ultimate 
axial stress and corresponding axial strain was more significant for the 
circularized columns than for the square columns. The increase in hole size 
resulted in lower ultimate axial stress and corresponding axial strain of the 
specimens. The influence of hole size was higher for the circularized columns 
than for the square columns. 
13. The theoretical axial load-bending moment interactions of the specimens 
showed reasonable agreement with the corresponding experimental results. 
However, the larger difference in the experimental and theoretical load-bending 
moments for the specimens tested under four-point bending might be because 
the shear span of the circularized beam specimens was shorter than twice the 
effective depth of concrete cross section. 
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14. The difference between the theoretical and experimental bending moment was 
the highest for Specimen VCF-50 due to the excessive lateral deformation 
corresponding to the ultimate load resulted from the existing of longitudinal 
CFRP straps. 
15. The theoretical axial load-bending moment interactions constructed by using the 
layer-by-layer method showed closer results than that constructed using the 
equivalent stress-block method. 
16. The increase in corner radius results in higher ultimate load and bending 
moment of the CFRP confined square columns under deferent loading 
eccentricities. The increase in the number of CFRP layers results in higher 
ultimate load and corresponding bending moment of the columns under different 
loading eccentricities. However, the influence of the number of CFRP layers on 
the ultimate axial load and corresponding bending moment is less significant 
with the increase in the number of layers. 
17. The influence of the number of CFRP layers is more significant for circular 
columns than for square columns. The influence of the number of CFRP layers 
decreases with the increase in the load eccentricity. 
18. The increase in hole size reduced the axial load and the corresponding bending 
moment of the columns. However, the influence of hole size is less significant 
with the increased eccentricity. The influence of hole size was higher for 
circularized columns than for square columns. 
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10.2 Recommendations of the Future Studies 
Based on the investigations conducted on the behaviour of circularized and CFRP 
wrapped hollow RC columns in this study, the following recommendations for the 
future research studies are suggested: 
1. The influence of adding steel fibres to the concrete segments on the behaviour of 
circularized and CFRP wrapped hollow concrete specimens subjected to 
different loading eccentricities needs to be investigated. 
2. The influence of strength of concrete segments on the behaviour of circularized 
and CFRP wrapped hollow concrete specimens subjected to different loading 
eccentricities need to be examined. 
3. Experimental investigations for the effect of number of CFRP layers on the 
behaviour of circularized and CFRP wrapped hollow concrete columns need to 
be examined. 
4. Experimental investigations for the effect of hole size on the behaviour of 
circularized and CFRP wrapped hollow concrete columns needs to be 
investigated. 
5. Experimental investigations for the effect of corner radius on the behaviour of 
CFRP wrapped square hollow concrete columns are required. 
6. Experimental investigations for the shape modification of CFRP wrapped 
rectangular hollow concrete columns with different aspect ratios need to be 
carried out. 
7. The conclusions of the thesis are based on experimental investigations of 20 
hollow RC specimens with an unsupported wall length to thickness ratio of 1. 
Hence, the conclusions may not be directly applicable for the behaviour of thin 
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wall RC hollow columns with an unsupported wall length to thickness ratio 
higher than 1. Therefore, experimental investigations are required for hollow 
specimens with unsupported wall length to thickness ratio greater than 1. 
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APPENDIX A DATABASE OF THE FRP CONFINEDCIRCULAR AND 
NON-CIRCULAR SOLID AND HOLLOW CONCRETE SPECIMENS 
 
Appendix A comprises the database of experimental results of concrete strength of FRP 
confined solid and hollow concrete specimens. The database includes solid and hollow 
FRP confined concrete specimens with circular and non-circular cross-sections 
subjected to axial compression. A total of 1154 data points of specimens confined with 
different confinement materials: CFRP, AFRP, GFRP, HMCFRP, CFRP tube, AFRP 
tube, GFRP tube and HMCFRP tube were tested under axial compression. The 
unconfined concrete compressive strength of the specimens in the database varied 
between 6.2 MPa to 112 MPa. the database split into Table A.1, Table A.2, Table A.3, 
Table A.4 and Table A.5. 
 
Table A.1 comprises database of 638 FRP wrapped circular concrete specimens with 
unconfined concrete strength from 6.2 MPa and 50 MPa. Table A.2 comprises database 
of 172 circular concrete specimens with unconfined concrete strength from 50 MPa to 
112 MPa. The diameter of circular specimens in Table A.1 and Table A.2 varied 
between 51 mm to 406 mm. 
 
Table A.3 comprises experimental and theoretical results of database of non-circular 
FRP confined specimens includes 228 square specimens and 89 rectangular specimens. 
The corner radius of non-circular specimens varied between 5 mm to 60 mm. The 
aspect ratio (ℎ 𝑏⁄ ) of the cross section of non-circular specimens varied between 1 and 
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2.7. The dimensions of cross-section of square specimens in the database varied 
between 100 mm x 100 mm and 648 mm x 648 mm. 
 
The parameters of the database include diameter of circular specimens or width and 
height of cross-section of non-circular specimens, the corner radius of non-circular 
specimens, unconfined concrete strength, FRP tensile strength, modulus of elasticity 
FRP, thickness of FRP layer, number of FRP layers and confined concrete strength. 
 
Table A.4 and Table A.5 comprises 36 data points (12 non-circular specimens and 24 
circular specimens) of FRP confined hollow concrete specimen selected from 5 
experimental studies available in the literature. The database of non-circular specimens 
includes 5 rectangular specimens and 7 square specimens. The aspect ratio (ℎ 𝑏⁄ ) of the 
cross section of non-circular specimens varies between 1 and 2. The specimens were 
wrapped with different FRP materials. The unconfined concrete strength varies between 
28.35 MPa to 58 MPa. The parameters included diameter for circular specimens or 
width and height of cross-section for non-circular specimens, the corner radius of non-
circular specimens, size of hole. unconfined concrete strength, FRP tensile strength, 
modulus of elasticity of specimen, thickness of FRP layer, number of FRP layers and 
confined concrete strength and corresponding strain. 
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Table A.1. Database of FRP confined circular solid concrete specimens 
Study 
Specimen 
geometry 
Concrete 
properties 
FRP properties 
f'cc 
exp. 
(MPa) 
ԑcc 
exp. 
(mm) 
f’cc 
predicted 
(MPa) 
𝐷 
 (mm) 
𝐿 
 (mm) 
f’co 
(MPa) 
ԑco 
(mm) 
FRP 
type 
𝑡x𝑛 
(mm) 
 𝑓𝑓 
(MPa) 
Ef 
(GPa) 
Howie and 
Karbhari (1994)d  
152 305 38.6  CFRP 0.31 755 73.3 45.5  45.52 
152 305 38.6  CFRP 0.31 755 73.3 41.9  45.52 
152 305 38.6  CFRP 0.31 755 73.3 47.2  45.52 
152 305 38.6  CFRP 0.61 1047 73.3 56.5  57.7 
152 305 38.6  CFRP 0.61 1047 73.3 60.6  57.7 
152 305 38.6  CFRP 0.61 1047 70.6 61.9  57.44 
152 305 38.6  CFRP 0.92 1105 70.6 80.9  69.05 
Howie and 
Karbhari (1994)d 
152 305 38.6  CFRP 0.92 1105 70.6 76.4  69.05 
152 305 38.6  CFRP 0.92 1105 77.5 75.8  70.03 
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Table A.1: (Contd.)                                                                                                                                                                                                                                          
Howie and 
Karbhari 
(1994)d  
152 305 38.6  CFRP 1.22 1352 77.5 89.5  87.34 
152 305 38.6  CFRP 1.22 1352 77.5 89.9  87.34 
152 305 38.6  CFRP 1.22 1352 95.7 89  90.82 
152 305 38.6  CFRP 0.61 660 95.7 47.1  53.71 
152 305 38.6  CFRP 0.61 660 95.7 47.7  53.71 
152 305 38.6  CFRP 0.61 660 39.9 50  49.35 
152 305 38.6  CFRP 0.92 822 39.9 68.3  58.71 
152 305 38.6  CFRP 0.92 822 39.9 67.3  58.71 
152 305 38.6  CFRP 0.92 822 54 64.7  61.02 
152 305 38.6  CFRP 1.22 388 54 52.7  56.32 
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Table A.1: (Contd.) 
Howie and 
Karbhari 
(1994)d  
152 305 38.6  CFRP 1.22 388 54 49.3  56.32 
152 305 38.6  CFRP 1.22 388 27.7 52.6  52.42 
Howie and 
Karbhari 
(1997)   
150 300 38.38  CFRP 0.33 795 227 44.87 1.1 50.61 
150 300 38.38  CFRP 0.66 1047.5 227 59.68 1.3 68.99 
150 300 38.38  CFRP 0.99 1103.3 227 77.71 2.2 86.5 
150 300 38.38  CFRP 1.32 1351.6 227 89.48 2.4 112.7 
150 300 38.38  CFRP 0.33 659.8 227 48.28 0.8 49.14 
150 300 38.38  CFRP 0.99 822.4 54 66.79 1.7 63.04 
Matthys et 
al. (1999)d 
150 300 34.9  CFRP 0.117 2600 200 44.3  43.98 
150 300 34.9  CFRP 0.235 1100 480 41.3 0.4 46.75 
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Table A.1: (Contd.) 
Matthys et al. 
(1999)d 
150 300 34.9 
 
UHM CFRP T 0.117 2600 200 42.2 
 
43.98 
150 300 34.9 
 
UHM CFRP T 0.235 1100 420 40.7 
 
46.78 
Rochette and 
Labossiére 
(2000)  
100 200 42 0.0025 CFRP 0.6 1265 82.7 73.5 1.6 76.191 
100 200 42 0.0025 CFRP 0.6 1265 82.7 73.5 1.57 76.191 
100 200 42 0.0025 CFRP 0.6 1265 82.7 67.6 1.35 76.191 
100 200 42 0.0025 AFRP 0.6 1265 82.7 73.5 1.6 76.193 
100 200 42 0.0025 AFRP 0.6 1265 82.7 73.5 1.57 76.193 
100 200 42 0.0025 AFRP 0.6 1265 82.7 67.9 1.35 76.193 
Xiao and Wu 
(2000) 
152 305 33.7 0.0025 CFRP 0.38 1577 105 47.9 1.2 51.99 
152 305 33.7 0.0025 CFRP 0.38 1577 105 49.7 1.4 51.99 
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Table A.1: (Contd.) 
Xiao and Wu 
(2000) 
152 305 33.7 0.0025 CFRP 0.38 1577 105 49.4 1.24 51.99 
152 305 33.7 0.0025 CFRP 0.76 1577 105 64.6 1.625 71.8 
152 305 33.7 0.0025 CFRP 0.76 1577 105 75.2 2.25 71.8 
152 305 33.7 0.0025 CFRP 0.76 1577 105 71.8 2.16 71.8 
152 305 33.7 0.0025 CFRP 1.14 1577 105 82.9 2.45 91.6 
152 305 33.7 0.0025 CFRP 1.14 1577 105 86.2 3 91.6 
152 305 33.7 0.0025 CFRP 1.14 1577 105 95.4 
 
91.6 
152 305 43.8 0.0021 CFRP 0.38 1577 105 54.8 0.98 60.49 
152 305 43.8 0.0021 CFRP 0.38 1577 105 52.1 0.47 60.49 
152 305 43.8 0.0021 CFRP 0.38 1577 105 48.7 0.37 60.49 
152 305 43.8 0.0021 CFRP 0.76 1577 105 84 0.37 79.16 
152 305 43.8 0.0021 CFRP 0.76 1577 105 79.2 1.57 79.16 
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Table A.1: (Contd.) 
Xiao and Wu 
(2000) 
152 305 43.8 0.0021 CFRP 0.76 1577 105 85 1.37 79.16 
152 305 43.8 0.0021 CFRP 1.14 1577 105 96.5 1.66 97.82 
152 305 43.8 0.0021 CFRP 1.14 1577 105 92.6 1.75 97.82 
152 305 43.8 0.0021 CFRP 1.14 1577 105 94 1.68 97.82 
Zhang et al. 
(2000) 
150 300 34.3 
 
CFRP 0.99 753 91 59.4 2.1 62.9 
Campione et 
al. (2001) 
100 200 20.1 0.0022 CFRP 0.165 3430 230 50 2.55 50.48 
Lin and 
Chen  (2001) 
120 240 32.7 
 
CFRP 0.5 770 157.54 51 
 
54.63 
120 240 32.7 
 
CFRP 0.5 770 157.54 49.6 
 
54.63 
120 240 32.7 
 
CFRP 1 770 157.54 77.3 
 
77.43 
120 240 32.7 
 
GFRP 0.9 743.9 32.9 62.2 
 
55.927 
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Table A.1: (Contd.) 
Lin and Chen  
(2001) 
120 240 32.7 
 
GFRP 0.9 743.9 32.9 61.4 
 
55.93 
120 240 32.7 
 
GFRP 0.9 743.9 32.9 66.3 
 
55.93 
120 240 32.7 
 
GFRP 1.8 743.9 32.9 101.3 
 
80.841 
120 240 32.7 
 
GFRP 1.8 743.9 32.9 88 
 
80.84 
120 240 32.7 
 
GFRP 1.8 743.9 32.9 104.5 
 
80.84 
Micelli et al. 
(2001) 
102 204 37 0.0014 CFRP 0.16 3790 227 60 1.2 63.17 
102 204 32 0.0014 GFRP 0.35 1520 72 51.6 1.25 54.27 
Pessiki et al. 
(2001) 
152 610 26.2 
 
CFRP 1 580 38.1 50.6 1.44 45.07 
152 610 26.2 
 
CFRP 2 580 38.1 64 1.65 65.13 
152 610 26.2 
 
GFRP 1 383 21.6 38.4 1.3 37.60 
152 610 26.2 
 
GFRP 2 383 21.6 52.5 1.82 50.24 
 
226 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Table A.1: (Contd.) 
Santarosa et al. (2001) 
150 300 28.1 
 
CFRP 0.11 3400 230 38.6 
 
39.9 
150 300 15.3 
 
CFRP 0.11 3400 230 33.6 0.45 28.94 
150 300 15.3 
 
CFRP 0.22 3400 230 46.7 1.3 43.27 
Suter and Pinzelli (2001) 
150 300 44.7 
 
CFRP 0.308 2300 73 52.69 2.32 59.92 
150 300 44.7 
 
AFRP 0.193 2900 120 52.23 0.238 57.56 
150 300 44.7 
 
AFRP 0.386 2900 120 76.85 1.136 72.77 
150 300 44.7 
 
AFRP 0.579 2900 120 103.45 1.3 87.97 
150 300 36.2 
 
AFRP 0.193 2900 120 48.15 0.664 50.27 
150 300 36.2 
 
AFRP 0.386 2900 120 75.3 1.006 66.25 
150 300 36.2 
 
AFRP 0.579 2900 120 98.46 1.3 82.23 
150 300 33.3 
 
AFRP 0.193 2900 120 50.28 0.79 47.81 
150 300 33.3 
 
AFRP 0.386 2900 120 78.59 1.3 64.08 
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Table A.1: (Contd.) 
Suter and Pinzelli 
(2001) 
150 300 33.3 
 
AFRP 0.579 2900 120 103.9 1.5 80.35 
150 300 44.7 
 
GFRP 0.308 2300 73 52.69 2.32 59.92 
Harries and Kharel 
(2002) 
152 305 32.1 0.0028 CFRP 1 350c 25c 32.9 0.6 42.63 
152 305 32.1 0.0028 CFRP 2 350c 25c 41 0.86 54.57 
152 305 32.1 0.0028 CFRP 3 350c 25c 52.2 1.38 66.5 
152 305 31.8 0.0028 GFRP 3 75c 4.9c 37.3 0.65 37.84 
152 305 31.8 0.0028 GFRP 9 75c 4.9c 53.2 0.95 52.81 
152 305 32.1 0.0028 GFRP 1 75c 4.9c 36.8 0.44 33.14 
152 305 32.1 0.0028 GFRP 2 75c 4.9c 36.6 0.4 35.63 
152 305 32.1 0.0028 GFRP 3 75 4.9c 36.6 0.5 38.12 
152 305 32.1 0.0028 GFRP 6 75c 4.9c 37.6 0.57 45.58 
152 305 32.1 0.0028 GFRP 9 75c 4.9c 46.7 0.68 53.06 
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Table A.1: (Contd.) 
Harries and 
Kharel (2002) 
152 305 32.1 0.0028 GFRP 12 75c 4.9c 50.2 0.82 60.5 
152 305 32.1 0.0028 GFRP 15 75c 4.9c 60 0.87 68.0 
Karabinis and 
Rousakis 
(2002) 
200 320 38.5 0.00276 CFRP 0.117 3720 240 43 0.796 46.97 
200 320 38.5 0.00276 CFRP 0.117 3720 240 41.6 0.71 46.97 
200 320 38.5 0.00276 CFRP 0.117 3720 240 46 0.35 46.97 
200 320 38.5 0.00276 CFRP 0.234 3720 240 51.5 0.87 57.2 
200 320 38.5 0.00276 CFRP 0.234 3720 240 50 0.57 57.2 
200 320 38.5 0.00276 CFRP 0.234 3720 240 55 0.86 57.2 
200 320 38.5 0.00276 CFRP 0.351 3720 240 67 1.76 67.42 
200 320 38.5 0.00276 CFRP 0.117 3720 240 42.5 0.86 46.97 
200 320 38.5 0.00276 CFRP 0.117 3720 240 42 1.23 46.97 
200 320 35.7 0.00191 CFRP 0.117 3720 240 41 0.3 44.54 
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Table A.1: (Contd.) 
Karabinis and 
Rousakis (2002) 
200 320 35.7 0.00191 CFRP 0.234 3720 240 50 0.6 55 
200 320 35.7 0.00191 CFRP 0.234 3720 240 48.5 1.04 55 
200 320 35.7 0.00191 CFRP 0.234 3720 240 50 1.07 55 
200 320 35.7 0.00191 CFRP 0.351 3720 240 63 1.72 65.46 
200 320 35.7 0.00191 CFRP 0.351 3720 240 67.5 1.7 65.46 
200 320 35.7 0.00191 CFRP 0.351 3720 240 65.5 1.69 65.46 
Shehata et al. 
(2002) 
150 300 29.8 0.0021 CFRP 0.165 3550 235 57 1.23 48.42 
150 300 29.8 0.0021 CFRP 0.33 3550 235 72.1 1.74 68.38 
150 300 25.6 0.0021 CFRP 0.165 3550 235 43.9 
 
45.11 
150 300 25.6 0.0021 CFRP 0.33 3550 235 59.6 
 
65.77 
Ilki and 
Kumbasar (2003)  
150 300 32 0.002 CFRP 0.165 3430 230 47.2 0.48 49.63 
150 300 32 0.002 CFRP 0.495 3430 230 83.8 1.143 87.76 
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Table A.1: (Contd.) 
Ilki and Kumbasar 
(2003) 
150 300 32 0.002 CFRP 0.495 3430 230 91 1.306 87.76 
150 300 32 0.002 CFRP 0.825 3430 230 107.1 1.653 125.89 
150 300 32 0.002 CFRP 0.825 3430 230 107.7 1.44 125.89 
Lin and Li (2003) 
150 300 17.6 
 
CFRP 0.138 4170 232 38.62 
 
37.18 
120 240 17.1 
 
CFRP 0.138 4170 232 43.62 
 
41.91 
100 200 17.3 
 
CFRP 0.138 4170 232 46.08 
 
47.17 
150 300 17.6 
 
CFRP 0.276 4170 232 55.74 
 
57.6 
120 240 17.1 
 
CFRP 0.276 4170 232 63.47 
 
67.53 
100 200 17.3 
 
CFRP 0.276 4170 232 71.46 
 
77.88 
150 300 17.6 
 
CFRP 0.414 4170 232 73.57 
 
78.02 
120 240 17.1 
 
CFRP 0.414 4170 232 85.61 
 
93.15 
100 200 17.3 
 
CFRP 0.414 4170 232 93.33 
 
108.58 
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Table A.1: (Contd.) 
Lin and Li (2003) 
150 300 22.3 
 
CFRP 0.138 4170 232 45.41 
 
40.95 
120 240 22.3 
 
CFRP 0.138 4170 232 49.11 
 
45.88 
100 200 22.6 
 
CFRP 0.138 4170 232 57.37 
 
51.03 
150 300 22.3 
 
CFRP 0.276 4170 232 61.98 
 
60.66 
120 240 22.3 
 
CFRP 0.276 4170 232 76.9 
 
70.52 
100 200 22.6 
 
CFRP 0.276 4170 232 81.91 
 
80.54 
150 300 22.3 
 
CFRP 0.414 4170 232 84.46 
 
80.38 
120 240 22.3 
 
CFRP 0.414 4170 232 91.17 
 
95.17 
100 200 22.6 
 
CFRP 0.414 4170 232 103.77 
 
110.05 
150 300 24.5 
 
CFRP 0.138 4170 232 49.02 
 
42.73 
120 240 25 
 
CFRP 0.138 4170 232 56.4 
 
47.97 
100 200 24.6 
 
CFRP 0.138 4170 232 62.26 
 
52.51 
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Table A.1: (Contd.) 
Lin and Li (2003) 
150 300 24.5 
 
CFRP 0.276 4170 232 69.82 
 
62.14 
120 240 25 
 
CFRP 0.276 4170 232 81.29 
 
72.15 
100 200 24.6 
 
CFRP 0.276 4170 232 90.54 
 
81.6 
150 300 24.5 
 
CFRP 0.414 4170 232 88.73 
 
81.54 
120 240 25 
 
CFRP 0.414 4170 232 98.73 
 
96.32 
100 200 24.6 
 
CFRP 0.414 4170 232 109.48 
 
110.69 
Ilki et al. (2004) 
150 300 6.2 0.002 CFRP 0.165 3430 230 25.26 1.3 28.29 
150 300 6.2 0.002 CFRP 0.33 3430 230 41 1.966 50.66 
150 300 6.2 0.002 CFRP 0.495 3430 230 52.18 2.3 73.02 
150 300 6.2 0.002 CFRP 0.66 3430 230 77 2.93 95.39 
150 300 6.2 0.002 CFRP 0.825 3430 230 87.71 3.03 117.76 
150 300 6.2 0.002 CFRP 0.99 3430 230 109 3.466 140.12 
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Table A.1: (Contd.) 
Lam and Teng (2004) 
152 305 35.9 0.00203 CFRP 0.165 3420 230 50.4 1.27 52.46 
152 305 35.9 0.00203 CFRP 0.165 3420 230 47.2 1.1 52.46 
152 305 35.9 0.00203 CFRP 0.165 3420 230 53.2 1.3 52.46 
152 305 35.9 0.00203 CFRP 0.33 3420 230 68.7 1.68 70.64 
152 305 35.9 0.00203 CFRP 0.33 3420 230 69.9 1.96 70.64 
152 305 35.9 0.00203 CFRP 0.33 3420 230 71.6 1.85 70.64 
152 305 34.3 0.00188 CFRP 0.495 3420 230 82.6 2 88.01 
152 305 34.3 0.00188 CFRP 0.495 3420 230 90.4 2.4 88.01 
152 305 34.3 0.00188 CFRP 0.495 3420 230 97.3 2.5 88.01 
152 305 34.3 0.00188 CFRP 0.165 3420 230 50.3 1.02 51.18 
152 305 34.3 0.00188 CFRP 0.165 3420 230 50 1.08 51.18 
152 305 34.3 0.00188 CFRP 0.165 3420 230 56.7 1.17 51.18 
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Table A.1: (Contd.) 
Lam and Teng (2004) 
152 305 38.5 0.00223 GFRP  1.27 450 22.46 56.2 
 
53.4 
152 305 38.5 0.00223 GFRP  1.27 450 22.46 51.9 1.315 53.4 
152 305 38.5 0.00223 GFRP  1.27 450 22.46 58.3 1.459 53.4 
152 305 38.5 0.00223 GFRP  2.54 450 22.46 75.7 2.457 70.21 
152 305 38.5 0.00223 GFRP  2.54 450 22.46 77.3 2.188 70.21 
152 305 38.5 0.00223 GFRP  2.54 450 22.46 75.2 
 
70.21 
Lin and Liao (2004) 
100 200 23.9 
 
CFRP 1.84 455.4 23.8 62.42 
 
64.5 
100 200 23.9 
 
CFRP 1.84 455.4 23.8 62.06 
 
64.5 
100 200 23.9 
 
CFRP 1.84 455.4 23.8 61.45 
 
64.5 
100 200 23.9 
 
CFRP 3.7 403.1 22.46 93.56 
 
98.15 
100 200 23.9 
 
CFRP 3.7 403.1 22.46 90.69 
 
98.15 
100 200 23.9 
 
CFRP 3.7 403.1 22.46 88.98 
 
98.15 
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Table A.1: (Contd.) 
Thériault et al. (2004)  
51 102 18 
 
CFRP 0.165 3330 230 70 
 
78.25 
152 304 37 
 
CFRP 0.33 3330 230 64 
 
70.71 
304 608 37 
 
CFRP 0.66 3330 230 66 
 
70.71 
152 305 37 
 
GFRP 3.9 552 27.6 90 
 
99.09 
51 100 18 
 
GFRP 1.3 552 27.6 64 
 
89.4 
Berthet et al. (2005) 
160 320 25 0.00233 CFRP 0.165 3200 230 42.8 1.633 41.88 
160 320 25 0.00233 CFRP 0.165 3200 230 37.8 0.93 41.88 
160 320 25 0.00233 CFRP 0.165 3200 230 45.8 1.67 41.88 
160 320 25 0.00233 CFRP 0.33 3200 230 56.7 1.725 59.86 
160 320 25 0.00233 CFRP 0.33 3200 230 55.2 1.577 59.86 
160 320 25 0.00233 CFRP 0.33 3200 230 56.1 1.68 59.86 
160 320 40.1 0.002 CFRP 0.11 3200 230 49.8 0.55 48.97 
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Table A.1: (Contd.) 
Berthet et al. (2005) 
160 320 40.1 0.002 CFRP 0.11 3200 230 50.8 0.66 48.97 
160 320 40.1 0.002 CFRP 0.11 3200 230 48.8 0.608 48.97 
160 320 40.1 0.002 CFRP 0.165 3200 230 53.7 0.66 54.28 
160 320 40.1 0.002 CFRP 0.165 3200 230 54.7 0.62 54.28 
160 320 40.1 0.002 CFRP 0.165 3200 230 51.8 0.64 54.28 
160 320 40.1 0.002 CFRP 0.22 3200 230 59.7 0.6 59.59 
160 320 40.1 0.002 CFRP 0.22 3200 230 60.7 0.693 59.59 
160 320 40.1 0.002 CFRP 0.22 3200 230 60.2 0.73 59.59 
160 320 40.1 0.002 CFRP 0.44 3200 230 91.6 1.44 80.82 
160 320 40.1 0.002 CFRP 0.44 3200 230 89.6 1.36 80.82 
160 320 40.1 0.002 CFRP 0.44 3200 230 86.6 1.17 80.82 
160 320 40.1 0.002 CFRP 0.99 3200 230 142.4 2.46 133.92 
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Table A.1: (Contd.) 
Berthet et al. (2005) 
160 320 40.1 0.002 CFRP 0.99 3200 230 140.4 2.39 133.92 
160 320 40.1 0.002 CFRP 1.32 3200 230 166.3 2.7 165.78 
160 320 52 0.00267 CFRP 0.33 3200 230 82.6 0.83 78.78 
160 320 52 0.00267 CFRP 0.33 3200 230 82.8 0.7 78.78 
160 320 52 0.00267 CFRP 0.33 3200 230 82.3 0.76 78.78 
160 320 52 0.00267 CFRP 0.66 3200 230 108.1 1.14 107.84 
160 320 52 0.00267 CFRP 0.66 3200 230 112 1.12 107.84 
160 320 52 0.00267 CFRP 0.66 3200 230 107.9 1.12 107.84 
160 320 25 
 
GFRP  0.33 2500 74 42.8 1.698 45.01 
160 320 25 
 
GFRP  0.33 2500 74 42.3 1.687 45.01 
160 320 25 
 
GFRP  0.33 2500 74 43.1 1.711 45.01 
160 320 40 
 
GFRP  0.22 2500 74 44.8 0.526 50.68 
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Table A.1: (Contd.) 
Berthet et al. (2005) 
160 320 40 
 
GFRP 0.22 2500 74 46.3 0.467 50.68 
160 320 40 
 
GFRP 0.22 2500 74 49.8 0.496 50.68 
160 320 40 
 
GFRP 0.33 2500 74 50.8 0.632 57.18 
160 320 40 
 
GFRP 0.33 2500 74 50.8 0.582 57.18 
160 320 40 
 
GFRP 0.33 2500 74 51.8 0.635 57.18 
160 320 40 
 
GFRP 0.55 2500 74 66.7 1.05 70.19 
160 320 40 
 
GFRP 0.55 2500 74 68.2 1.24 70.19 
160 320 40 
 
GFRP 0.55 2500 74 67.7 1.168 70.19 
Carey and Harries (2005) 
264 762 38.9 0.003 CFRP 1 875c 72.5c 54.8 1.04 54.53 
152 305 33.5 0.0023 CFRP 1 350c 25c 46.8 0.93 43.86 
Karantzikis et al. (2005) 200 350 12.1 0.0022 CFRP 0.24 3500 230 29.25 1.92 36.02 
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Table A.1: (Contd.) 
Mandal et al. (2005) 
102 200 30.7 0.0027 CFRP 0.8 784 47 73.8 3.08 59.77 
102 200 46.3 0.0023 CFRP 0.8 784 47 77.1 1.84 71.95 
103 200 30.7 0.0027 GFRP 1.3 575 26.1 54.5 1.54 62.215 
105 200 30.7 0.0027 GFRP 2.6 575 26.1 79.3 2.75 94.04 
103 200 46.3 0.0023 GFRP 1.3 575 26.1 58.5 0.9 74.095 
105 200 46.3 0.0023 GFRP 2.6 575 26.1 83.8 1.48 103.11 
Matthys et al. (2005) 
400 2000 39 
 
HCFRP 0.492 1100 120 44.4 0.6 45.21 
400 2000 34.3 
 
CFRP 240 0.585 2600 198 55.3 1.2 52.66 
400 2000 34.3 
 
CFRP 260 0.936 1100 480 54.5 0.43 52.43 
Modarelli et al. (2005) 
150 300 28.35 0.0049 CFRP 0.165 3430 221 55.25 2.2 46.49 
150 300 38.24 0.0063 CFRP 0.165 3430 221 62.73 1.5 54.5 
150 300 28.35 0.0049 GFRP 0.23 1700 65 53.27 1.9 38.28 
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Table A.1: (Contd.) 
Green et al. (2006) 
152 305 46 
 
CFRP 1 237c 22.4c 53 
 
52.3 
152 305 46 
 
CFRP 2 237c 22.4c 59 
 
60.41 
152 305 54 
 
GFRP 2 182c 8.8c 62 
 
61.03 
Lam et al. (2006) 
 
152 305 41.1 0.00256 CFRP 0.165 3800 250 52.6 0.9 58.2 
152 305 41.1 0.00256 CFRP 0.165 3800 250 57 1.21 58.2 
152 305 41.1 0.00256 CFRP 0.165 3800 250 55.4 1.11 58.2 
152 305 38.9 0.0025 CFRP 0.33 3754 247 76.8 1.91 75.34 
152 305 38.9 0.0025 CFRP 0.33 3754 247 79.1 2.08 75.34 
Ongpeng (2006) 
180 500 27 0.0042 CFRP 0.13 3650 231 37.23 0.67 39.39 
180 500 27 0.0042 CFRP 0.26 3650 231 51.18 0.83 53.02 
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Table A.1: (Contd.) 
Saenz and Pantelides 
(2006) 
152 304 41.8 
 
CFRP 1 1220c 86.8 83.7 1.18 79.17 
152 304 47.5 
 
CFRP 1 1220c 86.8 81.5 0.88 83.4 
152 304 40.3 
 
CFRP 2 1220c 86.8 108.1 2.04 117.62 
152 304 41.7 
 
CFRP 2 1220c 86.8 109.5 1.76 118.33 
Wu et al. (2006) 
150 300 23.1 
 
CFRP 0.167 4234 230 45 
 
45.9 
150 300 23.1 
 
CFRP 0.286 2544 540 51 
 
52.08 
150 300 23 
 
GFRP 0.354 1500 73 45 
 
39.23 
Al-Salloum (2007) 
0 300 32.4 0.00616 CFRP 1.2 935 75 83.16 9.699 71.13 
0 300 36.23 0.00616 CFRP 1.2 935 75 85.04 9.699 73.86 
Bisby et al. (2007) 
150 300 33.3 0.0036 CFRP 0.12 4100 231 44.1 0.8 47.25 
150 300 35.5 0.003 CFRP 0.12 4100 231 44.1 0.87 49.06 
150 300 34.4 0.0033 CFRP 0.12 4100 231 43 0.9 48.16 
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Table A.1: (Contd.) 
Jiang and Teng (2007) 
152 305 38 0.00217 CFRP 0.68 2407 240.7 110.1 2.55 94.53 
152 305 38 0.00217 CFRP 0.68 2407 240.7 107.4 2.61 94.53 
152 305 38 0.00217 CFRP 1.02 2407 240.7 129 2.8 123.53 
152 305 38 0.00217 CFRP 1.02 2407 240.7 135.7 3.08 123.53 
152 305 38 0.00217 CFRP 1.36 2407 240.7 135.7 3.7 152.52 
152 305 38 0.00217 CFRP 1.36 2407 240.7 135.7 3.54 152.52 
152 305 37.7 0.00217 CFRP 0.11 2407 260 48.5 0.9 45.79 
152 305 37.7 0.00217 CFRP 0.11 2407 260 50.3 0.91 45.79 
152 305 44.2 0.00217 CFRP 0.11 2600 260 48.1 0.7 52.01 
152 305 44.2 0.00217 CFRP 0.11 2600 260 51.1 0.89 52.01 
152 305 44.2 0.00217 CFRP 0.22 2600 260 65.7 1.3 61.52 
152 305 44.2 0.00217 CFRP 0.22 2600 260 62.9 1.02 61.52 
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Table A.1: (Contd.) 
Jiang and Teng (2007) 
152 305 47.6 0.00217 CFRP 0.33 2505 250.5 82.7 1.3 72.73 
152 305 47.6 0.00217 CFRP 0.33 2505 250.5 85.5 1.9 72.73 
152 305 47.6 0.00217 CFRP 0.33 2505 250.5 85.5 1.8 72.73 
152 305 33.1 0.0031 GFRP 0.17 1375 80.1 42.4 1.303 38.99 
152 305 33.1 0.0031 GFRP 0.17 1375 80.1 41.6 1.268 38.99 
152 305 45.9 0.00243 GFRP 0.17 1375 80.1 48.5 0.813 50.65 
152 305 45.9 0.00243 GFRP 0.17 1375 80.1 46 1.063 50.65 
152 305 45.9 0.00243 GFRP 0.34 1375 80.1 52.8 1.203 57.56 
152 305 45.9 0.00243 GFRP 0.34 1375 80.1 55.2 1.254 57.56 
152 305 45.9 0.00243 GFRP 0.51 1375 80.1 64.6 1.554 64.47 
152 305 45.9 0.00224 GFRP 0.51 1375 80.1 65.9 1.904 64.47 
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Table A.1: (Contd.) 
Rousakis et al. (2003) 
150 300 20.4 0.0026 CFRP 0.17 4493 234 41.3 0.96 45.42 
150 300 20.4 0.0026 CFRP 0.51 4493 234 57.2 1.42 71.43 
150 300 20.4 0.0026 CFRP 0.85 4493 234 63.1 1.42 97.44 
150 300 49.2 0.0017 CFRP 0.17 4493 234 79 0.39 67.5 
150 300 49.2 0.0017 CFRP 0.37 4493 234 83.9 0.35 88.20 
150 300 49.2 0.0017 CFRP 0.51 4493 234 100.6 0.62 108.5 
Shehata et al. (2007) 
225 450 34 0.0021 CFRP 0.165 3550 235 43.7 0.6 45.31 
225 450 34 0.0021 CFRP 0.33 3550 235 62.9 1.1 58.14 
150 300 34 0.0021 CFRP 0.165 3550 235 61.2 0.9 51.73 
150 300 34 0.0021 CFRP 0.33 3550 235 82.1 1.1 70.98 
Valdmanis et al. (2007) 
150 300 40 0.0017 CFRP 0.17 4500 234 66 0.63 60.31 
150 300 44.3 0.0017 CFRP 0.17 4500 234 73.3 0.58 63.66 
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Table A.1: (Contd.) 
Valdmanis et al. 
(2007) 
150 300 40 0.0017 CFRP 0.34 4500 234 87.2 1.07 82.58 
150 300 44.3 0.0017 CFRP 0.34 4500 234 82.6 0.54 85.18 
150 300 40 0.0017 CFRP 0.51 4500 234 96 1.36 104.85 
150 300 44.3 0.0017 CFRP 0.51 4500 234 115.1 0.94 106.71 
150 300 20.5 0.0017 CFRP 0.17 4500 234 41.3 0.96 45.52 
150 300 49.2 0.0017 CFRP 0.17 4500 234 79 0.39 67.52 
150 300 20.5 0.0017 CFRP 0.34 4500 234 57.2 1.42 71.54 
150 300 49.2 0.0017 CFRP 0.34 4500 234 83.9 0.35 88.25 
150 300 20.5 0.0017 CFRP 0.51 4500 234 63.1 1.42 97.56 
150 300 49.2 0.0017 CFRP 0.51 4500 234 100.6 0.62 108.98 
Youssef et al. (2007) 
406 812.8 27.58 0.0024 CFRP 5.84 1246 103.8 125.8 2.8 126.64 
406 812.8 27.58 0.0024 CFRP 5.84 1246 103.8 126.4 2.9 126.64 
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Table A.1: (Contd.) 
Youssef et al. 
(2007) 
406 812.8 27.58 0.0024 CFRP 5.84 1246 103.8 127 2.8 126.64 
406 812.8 27.58 0.0024 CFRP 3.504 1246 103.8 83 1.5 86.56 
406 812.8 27.58 0.0024 CFRP 3.504 1246 103.8 88.7 1.6 86.56 
406 812.8 27.58 0.0024 CFRP 2.336 1246 103.8 64.8 1.15 66.52 
406 812.8 27.58 0.0024 CFRP 2.336 1246 103.8 62.1 1.11 66.52 
406 812.8 27.58 0.0024 CFRP 2.336 1246 103.8 67.5 1.2 66.52 
406 812.8 27.58 0.0024 CFRP 1.168 1246 103.8 46 0.65 46.48 
406 812.8 27.58 0.0024 CFRP 1.168 1246 103.8 45.8 0.615 46.48 
152 304.8 34.47 0.002 CFRP 2.336 1246 103.8 124.1 2.84 135.25 
152 304.8 34.47 0.002 CFRP 2.336 1246 103.8 129.2 2.8 135.25 
152 304.8 34.47 0.002 CFRP 2.336 1246 103.8 138.7 2.84 135.25 
152 304.8 34.47 0.002 CFRP 1.752 1246 103.8 94.2 2 109.7 
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Table A.1: (Contd.) 
Youssef et al. 
(2007) 
152 304.8 34.47 0.002 CFRP 1.752 1246 103.8 95 2 109.7 
152 304.8 34.47 0.002 CFRP 1.752 1246 103.8 100.5 1.98 109.7 
152 304.8 34.47 0.002 CFRP 1.168 1246 103.8 86 1.7 84.15 
152 304.8 34.47 0.002 CFRP 1.168 1246 103.8 88.1 2 84.15 
152 304.8 34.47 0.002 CFRP 1.168 1246 103.8 84.2 2 84.15 
406.4 812 29.4 0.0024 GFRP 7.267 424.7 18.47 70.77 1.527 62.35 
406.4 812 29.4 0.0024 GFRP 7.267 424.7 18.47 71.78 1.445 62.35 
406.4 812 29.4 0.0024 GFRP 7.267 424.7 18.47 76.78 1.387 62.35 
406.4 812 29.4 0.0024 GFRP 4.472 424.7 18.47 49.53 1.345 49.09 
406.4 812 29.4 0.0024 GFRP 4.472 424.7 18.47 54.9 1.003 49.09 
406.4 812 29.4 0.0024 GFRP 4.472 424.7 18.47 61.19 1.189 49.09 
406.4 812 29.4 0.0024 GFRP 3.354 424.7 18.47 49.3 0.971 43.79 
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Table A.1: (Contd.) 
Youssef et al. (2007) 
406.4 812 29.4 0.0024 GFRP 3.354 424.7 18.47 51.19 0.897 43.78 
406.4 812 29.4 0.0024 GFRP 3.354 424.7 18.47 47.88 0.912 43.78 
406.4 812 29.4 0.0024 GFRP 1.677 424.7 18.47 44.14 0.781 35.83 
406.4 812 29.4 0.0024 GFRP 1.677 424.7 18.47 42.96 0.695 35.83 
406.4 812 29.4 0.0024 GFRP 1.677 424.7 18.47 45.11 0.715 35.83 
152.4 305 44.1 0.0024 GFRP 3.354 424.7 18.47 94.1 2.013 80.63 
152.4 305 44.1 0.0024 GFRP 3.354 424.7 18.47 91.87 2.014 80.63 
152.4 305 44.1 0.0024 GFRP 3.354 424.7 18.47 89.29 2.011 80.63 
152.4 305 44.1 0.0024 GFRP 2.236 424.7 18.47 80.39 1.518 67.69 
152.4 305 44.1 0.0024 GFRP 2.236 424.7 18.47 80.04 1.488 67.69 
152.4 305 44.1 0.0024 GFRP 2.236 424.7 18.47 81.13 1.53 67.69 
152.4 305 44.1 0.0024 GFRP 1.677 424.7 18.47 66.2 1.298 61.22 
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Table A.1: (Contd.) 
Youssef et al. (2007) 
152.4 305 44.1 0.0024 GFRP 1.677 424.7 18.47 66.6 1.357 61.22 
152.4 305 44.1 0.0024 GFRP 1.677 424.7 18.47 63.62 1.295 61.22 
Tamuzs et al. (2008) 
150 300 48.8 0.00251 CFRP 0.34 4500 234 72.08 0.81 88 
150 300 48.8 0.00251 CFRP 0.34 4500 234 72.55 0.9 88 
Wang and Wu 
(2008) 
150 300 30.9 0.0024 CFRP 0.165 4364 219 53.8 2.25 51.9 
150 300 30.9 0.0024 CFRP 0.165 4364 230.5 61.2 2.25 52.16 
150 300 30.9 0.0024 CFRP 0.165 4364 230.5 52.3 2.25 52.16 
150 300 30.9 0.0024 CFRP 0.33 4364 230.5 88.2 3.3 74.93 
150 300 30.9 0.0024 CFRP 0.33 4364 230.5 85.6 3.3 74.93 
150 300 30.9 0.0024 CFRP 0.33 4364 219 80.6 3.3 74.43 
Wu et al. (2008) 
150 300 23.1 0.0026 CFRP 0.167 4234 230 44.9 2 45.9 
150 300 23.1 0.00267 CFRP 0.167 4234 230 45.9 2.1 45.9 
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Table A.1: (Contd.) 
Wu et al. (2008) 
150 300 23.1 0.00267 CFRP 0.334 4234 230 82 3.75 69.81 
150 300 23.1 0.00267 GFRP 0.354 1500 73 46.4 2.49 39.31 
150 300 23.1 0.00267 GFRP 0.354 1500 73 45 2.36 39.31 
Issa et al. (2009) 
150 300 30.5 
 
CFRP 0.122 4100 230 35.8 
 
45.21 
150 300 30.5 
 
CFRP 0.122 4100 230 37.6 
 
45.21 
150 300 30.5 
 
CFRP 0.122 4100 230 42 
 
45.21 
150 300 30.5 
 
CFRP 0.244 4100 230 48.7 
 
61.39 
150 300 30.5 
 
CFRP 0.244 4100 230 50 
 
61.39 
150 300 30.5 
 
CFRP 0.244 4100 230 64.5 
 
61.39 
150 300 30.5 
 
CFRP 0.366 4100 230 68.7 
 
77.56 
150 300 30.5 
 
CFRP 0.366 4100 230 64.6 
 
77.56 
150 300 30.5 
 
CFRP 0.366 4100 230 75.6 
 
77.56 
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Table A.1: (Contd.) 
Lee et al. (2009) 
150 300 36.2 0.0024 CFRP 0.11 4510 250 41.7 1 49.48 
150 300 36.2 0.0024 CFRP 0.22 4510 250 57.8 1.5 64.49 
150 300 36.2 0.0024 CFRP 0.33 4510 250 69.1 2 79.5 
150 300 36.2 0.0024 CFRP 0.44 4510 250 85.4 2.7 94.51 
150 300 36.2 0.0024 CFRP 0.55 4500 250 104.3 3.1 109.41 
C. Aire et al. (2010) 
150 300 42 0.0025 CFRP 0.117 3900 240 46 0.92 53.76 
150 300 42 0.0025 CFRP 0.351 3900 240 77 2.12 81.16 
150 300 42 0.0025 CFRP 0.702 3900 240 108 3.16 122.25 
150 300 42 0.0025 GFRP 0.149 3000 65 41 0.73 49.491 
150 300 42 0.0025 GFRP 0.447 3000 65 61 1.74 69.765 
150 300 42 0.0025 GFRP 0.894 3000 65 85 2.5 100.18 
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Table A.1: (Contd.) 
Benzaid et al. (2010) 
160 320 25.9 0.00273 CFRP 1 450 34 39.63 1.278 40.25 
160 320 25.9 0.00273 CFRP 3 450 34 66.14 1.516 71.16 
160 320 49.5 0.00169 CFRP 1 450 34 52.75 0.252 60.79 
160 320 49.5 0.00169 CFRP 3 450 34 82.91 0.727 87.6 
Cui and Sheikh (2010) 
152 305 48.1 0.00222 CFRP 1 850 85 80.9 1.51 75.5 
152 305 48.1 0.00222 CFRP 1 850 85 86.6 1.53 75.5 
152 305 48.1 0.00222 CFRP 2 850 85 109.4 2.01 104.75 
152 305 48.1 0.00222 CFRP 2 850 85 126.7 2.66 104.75 
152 305 48.1 0.00222 CFRP 3 850 85 162.7 3.09 134 
152 305 48.1 0.00222 CFRP 3 850 85 153.6 2.89 134 
152 305 47.8 0.0022 GFRP 1.25 620 26 59.1 1.35 65.82 
152 305 47.8 0.0022 GFRP 1.25 620 26 59.8 1.15 65.82 
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Table A.1: (Contd.) 
Cui and Sheikh (2010) 
152 305 47.8 0.0022 GFRP 2.5 620 26 88.9 2.21 86.34 
152 305 47.8 0.0022 GFRP 2.5 620 26 88 2.21 86.34 
152 305 47.8 0.0022 GFRP 3.75 620 26 113.2 2.85 106.86 
152 305 47.8 0.0022 GFRP 3.75 620 26 112.5 2.8 106.86 
Cui and Sheikh (2010)** 
152 305 48.1 0.00222 CFRP 1 850 85 84.2 1.55 75.5 
152 305 48.1 0.00222 CFRP 1 850 85 87.9 1.69 75.5 
152 305 48.1 0.00222 CFRP 2 850 85 123.3 2.37 104.75 
152 305 48.1 0.00222 CFRP 2 850 85 108.2 1.93 104.75 
152 305 48.1 0.00222 CFRP 3 850 85 156.5 3.13 134 
152 305 48.1 0.00222 CFRP 3 850 85 157 2.84 134 
Cui and Sheikh (2010) 
152 305 45.6 0.00247 CFRP ST200 1 405 27 57.7 1.21 56.04 
152 305 45.6 0.00247 CFRP ST200 1 405 27 55.4 1.31 56.04 
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Table A.1: (Contd.) 
Cui and Sheikh (2010) 
152 305 45.6 0.00247 CFRP ST200 2 405 27 78 1.97 68.53 
152 305 45.6 0.00247 CFRP ST200 2 405 27 86.8 2.14 68.53 
152 305 45.6 0.00247 CFRP ST200 3 405 27 106.5 2.9 81.03 
Cui and Sheikh (2010)** 
152 305 45.6 0.00247 CFRP ST200 3 405 27 106 2.83 81.03 
152 305 45.6 0.00247 CFRP ST200 1 405 27 56.3 1.23 56.04 
152 305 45.6 0.00247 CFRP ST200 1 405 27 58.8 1.19 56.04 
152 305 45.6 0.00247 CFRP ST200 2 405 27 81.9 1.87 68.53 
152 305 45.6 0.00247 CFRP ST200 2 405 27 82.8 2.17 68.53 
152 305 45.6 0.00247 CFRP ST200 3 405 27 107.3 2.86 81.03 
152 305 45.6 0.00247 CFRP ST200 3 405 27 108.6 2.78 81.03 
Cui and Sheikh (2010) 
152 305 45.7 0.00243 CFRP HM300S 1 542 71 67.5 1.11 64.66 
152 305 45.7 0.00243 CFRP HM300S 1 542 71 64.1 1.03 64.66 
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Table A.1: (Contd.) 
Cui and Sheikh 
(2010) 
152 305 45.7 0.00243 CFRP HM300S 2 542 71 84.2 1.33 85.17 
152 305 45.7 0.00243 CFRP HM300S 2 542 71 83.1 1.23 85.17 
152 305 45.7 0.00243 CFRP HM300S 3 542 71 99.7 1.56 105.67 
152 305 45.7 0.00243 CFRP HM300S 3 542 71 94.9 1.43 105.67 
Cui and Sheikh 
(2010)** 
152 305 45.7 0.00243 CFRP HM300S 1 542 71 65.8 0.97 64.66 
152 305 45.7 0.00243 CFRP HM300S 1 542 71 65.9 1.03 64.66 
152 305 45.7 0.00243 CFRP HM300S 2 542 71 88.1 1.42 85.17 
152 305 45.7 0.00243 CFRP HM300S 2 542 71 82 1.23 85.17 
152 305 45.7 0.00243 CFRP HM300S 3 542 71 103.2 1.53 105.67 
152 305 45.7 0.00243 CFRP HM300S 3 542 71 105.6 1.86 105.67 
Smith et al. (2010) 
250 500 35 
 
CFRP 0.262 3182 210 50 0.41 50 
250 500 35 
 
CFRP 0.393 3182 210 57 0.68 58.28 
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Table A.1: (Contd.) 
Smith et al. (2010) 
250 500 35 
 
CFRP 0.262 3182 210 59 0.52 50 
250 500 35 
 
CFRP 0.262 3182 210 56 
 
50 
Akogbe et al. (2011) 
100 200 25.2 0.0031 CFRP 0.167 3248 242 64.3 2.55 53.92 
100 200 25.9 0.0021 CFRP 0.167 3248 242 63 2.18 54.4 
100 200 28.1 0.0033 CFRP 0.167 3248 242 66.4 2.29 55.92 
100 200 26.8 0.0038 CFRP 0.167 3248 242 64.8 2.48 55.02 
200 400 21.8 0.0026 CFRP 0.334 3248 242 64.3 2.79 51.43 
200 400 20.6 0.0017 CFRP 0.334 3248 242 69.1 2.69 50.56 
200 400 23.6 0.0021 CFRP 0.334 3248 242 60.1 2.1 52.75 
200 400 20.6 0.0024 CFRP 0.334 3248 242 66.3 2.54 50.56 
300 600 25.3 0.0021 CFRP 0.501 3248 242 58.8 1.8 53.99 
300 600 24 0.0021 CFRP 0.501 3248 242 59.4 2 53.05 
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Table A.1: (Contd.) 
Akogbe et al. (2011) 
300 600 23.7 0.002 CFRP 0.501 3248 242 63 1.9 52.83 
300 600 25 0.0026 CFRP 0.501 3248 242 60.6 2 53.78 
Bisby et al. (2011) 
100 200 28 0.002 CFRP 0.12 4100 231 63 
 
51.05 
100 200 28 0.0023 CFRP 0.12 4100 231 61 1.32 51.05 
100 200 28 0.003 CFRP 0.12 4100 231 53 1.06 51.05 
Erdil et al.(2012) 
150 300 11.1 0.003 CFRP 0.165 3430 230 32.9 4.2 32.84 
150 300 20.8 0.003 CFRP 0.165 3430 230 47.5 3.5 40.62 
Elsanadedy et al. 
(2012) 
100 100 49.1 0.00361 CFRP 1 846 77.3 94.5 1.09 89.97 
100 100 49.1 0.00361 CFRP 2 846 77.3 146 1.54 132.79 
150 150 41.1 0.00362 CFRP 1 846 77.3 76.4 0.944 69.3 
150 150 41.1 0.00362 CFRP 3 846 77.3 144.2 1.48 128.99 
150 150 41.1 0.00362 CFRP 2 846 77.3 111.5 1.33 99.14 
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Table A.1: (Contd.) 
Liang et al. (2012) 
100 200 25.9 0.0024 CFRP 0.167 3591 242 64.3 2.3 56.5 
100 200 25.9 0.0024 CFRP 0.167 3591 242 63 1.9 56.5 
100 200 25.9 0.0024 CFRP 0.167 3591 242 66.4 2.16 56.5 
100 200 25.9 0.0024 CFRP 0.167 3591 242 64.8 2.16 56.5 
200 400 22.7 0.0022 CFRP 0.334 3591 242 64.3 2.3 54.25 
200 400 22.7 0.0022 CFRP 0.334 3591 242 69.1 2.37 54.25 
200 400 22.7 0.0022 CFRP 0.334 3591 242 60.1 2.01 54.25 
200 400 22.7 0.0022 CFRP 0.334 3591 242 66.3 2.5 54.25 
300 600 24.5 0.0022 CFRP 0.501 3591 242 58.8 1.84 55.55 
300 600 24.5 0.0022 CFRP 0.501 3591 242 59.4 1.7 55.55 
300 600 24.5 0.0022 CFRP 0.501 3591 242 63 2.27 55.55 
300 600 24.5 0.0022 CFRP 0.501 3591 242 60.6 2.1 55.55 
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Table A.1: (Contd.) 
Song et al. (2012) 
100 300 22.4 
 
CFRP 0.13 4073 237 56.2 0.9 48.91 
100 300 22.4 
 
CFRP 0.26 4073 237 78.2 1.76 76.47 
100 300 22.4 
 
CFRP 0.39 4073 237 118.7 3.3 104.04 
150 450 22.4 
 
CFRP 0.13 4073 237 45.7 1.2 39.72 
150 450 22.4 
 
CFRP 0.26 4073 237 65.4 2 58.1 
150 450 22.4 
 
CFRP 0.39 4073 237 85 2.56 76.47 
100 300 40.9 
 
CFRP 0.13 4073 237 71.1 1.98 62.67 
100 300 40.9 
 
CFRP 0.26 4073 237 97.6 1.64 86.37 
100 300 40.9 
 
CFRP 0.39 4073 237 125 2.2 110.07 
150 450 40.9 
 
CFRP 0.13 4073 237 57.1 0.87 54.77 
150 450 40.9 
 
CFRP 0.26 4073 237 78.4 1.4 70.57 
150 450 40.9 
 
CFRP 0.39 4073 237 100.4 1.9 86.37 
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Table A.1: (Contd.) 
Vincent and Ozbakkaloglu 
(2013) 
152 305 35.5 0.002 CFRP 0.117 3800 240 44 0.77 47.87 
152 305 35.5 0.002 CFRP 0.117 3800 240 43.9 0.82 47.87 
152 305 35.5 0.002 CFRP 0.117 3800 240 43.1 0.8 47.87 
152 305 38 0.0021 CFRP 0.234 3800 240 63.5 1.5 63.68 
152 305 38 0.0021 CFRP 0.234 3800 240 66.1 1.65 63.68 
152 305 36.1 0.002 CFRP 0.234 3800 240 58.6 1.27 62.29 
152 305 37.3 0.0021 CFRP T 0.117 3800 240 42 0.79 49.74 
152 305 34.6 0.002 CFRP T 0.117 3800 240 41.6 0.66 47.39 
152 305 35.5 0.002 CFRP T 0.234 3800 240 59.1 1.43 62.48 
152 305 36.3 0.0021 CFRP T 0.234 3800 240 60.9 1.53 63.1 
152 305 37.3 0.0021 CFRP T 0.234 3800 240 61.7 1.45 63.88 
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Table A.1: (Contd.) 
Wu and Jiang (2013a) 
150 300 28.7 
 
CFRP 0.167 4192 254 59.35 2.53 50.51 
150 300 28.7 
 
CFRP 0.167 4192 254 54.8 2.14 50.51 
150 300 30.1 
 
CFRP 0.334 4192 254 88.14 3.88 74.41 
150 300 30.1 
 
CFRP 0.334 4192 254 90.4 3.79 74.41 
Wu and Jiang (2013b) 
150 300 20.57 
 
CFRP 0.167 4441 242 50.34 1.43 45.15 
150 300 20.57 
 
CFRP 0.167 4441 242 52.95 1.56 45.15 
150 300 20.57 
 
CFRP 0.167 4441 242 53.23 1.91 45.15 
150 300 20.57 
 
CFRP 0.334 4441 242 83.72 1.98 70.73 
150 300 20.57 
 
CFRP 0.334 4441 242 86.55 1.86 70.73 
150 300 20.57 
 
CFRP 0.334 4441 242 88.76 2.26 70.73 
150 300 20.57 
 
CFRP 0.501 4441 242 110.2 2.1 96.31 
150 300 20.57 
 
CFRP 0.501 4441 242 108.11 1.88 96.31 
 
262 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Table A.1: (Contd.) 
Wu and Jiang (2013b) 
150 300 20.57 
 
CFRP 0.501 4441 242 109.97 2.09 96.31 
150 300 20.57 
 
CFRP 0.668 4441 242 127.74 2.22 121.88 
150 300 20.57 
 
CFRP 0.668 4441 242 132.54 1.85 121.88 
150 300 20.57 
 
CFRP 0.668 4441 242 140.58 1.71 121.88 
150 300 20.57 
 
CFRP 0.835 4441 242 141.65 1.58 147.46 
150 300 20.57 
 
CFRP 0.835 4441 242 142 1.75 147.46 
150 300 20.57 
 
CFRP 0.835 4441 242 141.5 1.6 147.46 
150 300 24.8 
 
CFRP 0.167 4441 242 61.66 1.9 48.4 
150 300 24.8 
 
CFRP 0.167 4441 242 56.68 1.73 48.4 
150 300 24.8 
 
CFRP 0.167 4441 242 56.91 2.04 48.4 
150 300 24.8 
 
CFRP 0.334 4441 242 87.23 1.99 73.2 
150 300 24.8 
 
CFRP 0.334 4441 242 87.8 1.73 73.2 
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Table A.1: (Contd.) 
Wu and Jiang (2013b) 
150 300 24.8 
 
CFRP 0.334 4441 242 88.25 1.75 73.2 
150 300 24.8 
 
CFRP 0.501 4441 242 118.63 1.75 98 
150 300 24.8 
 
CFRP 0.501 4441 242 114.67 1.82 98 
150 300 24.8 
 
CFRP 0.501 4441 242 114.55 2.06 98 
150 300 24.8 
 
CFRP 0.668 4441 242 133.79 1.44 122.8 
150 300 24.8 
 
CFRP 0.668 4441 242 135.03 1.7 122.8 
150 300 24.8 
 
CFRP 0.668 4441 242 139.05 1.58 122.8 
150 300 36.67 
 
CFRP 0.167 4441 242 61.89 1.66 57.27 
150 300 36.67 
 
CFRP 0.167 4441 242 71.56 2.01 57.27 
150 300 36.67 
 
CFRP 0.167 4441 242 65.51 1.65 57.27 
150 300 36.67 
 
CFRP 0.334 4441 242 92.38 1.76 79.64 
150 300 36.67 
 
CFRP 0.334 4441 242 97.64 1.68 79.64 
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Table A.1: (Contd.) 
Wu and Jiang (2013b) 
150 300 36.67 
 
CFRP 0.334 4441 242 95.66 1.74 79.64 
150 300 36.67 
 
CFRP 0.501 4441 242 121.23 1.52 102.01 
150 300 36.67 
 
CFRP 0.501 4441 242 128.64 1.64 102.01 
150 300 36.67 
 
CFRP 0.501 4441 242 116.53 1.88 102.01 
150 300 36.67 
 
CFRP 0.668 4441 242 141.77 1.96 124.38 
150 300 36.67 
 
CFRP 0.668 4441 242 144 1.59 124.38 
150 300 36.67 
 
CFRP 0.668 4441 242 141.7 1.69 124.38 
C Fibre tensile strength and modulus of elasticity are given in N/mm-ply. 
dCited in Ozbakkaloglu and Lim (2013). 
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Table A.2. Database of FRP confined circular solid concrete specimens 
Study 
Specimen 
geometry 
Concrete 
properties 
FRP properties 
f'cc 
exp. 
(MPa) 
ԑcc 
exp. 
(mm) 
f’cc 
predicted 
(MPa) 
𝐷 
(mm) 
𝐿 
(mm) 
f’co 
(MPa) 
ԑco 
(mm) 
FRP 
type 
𝑡x𝑛 
(mm) 
ff 
(MPa) 
Ef 
(GPa) 
Xiao and Wu 
(2000) 
152 305 55.2 0.0025 CFRP 0.38 1577 105 62.9 0.48 70.3 
152 305 55.2 0.0025 CFRP 0.38 1577 105 58.1 0.49 70.3 
152 305 55.2 0.0025 CFRP 0.76 1577 105 74.6 1.21 87.8 
152 305 55.2 0.0025 CFRP 0.76 1577 105 77.6 0.81 87.8 
152 305 55.2 0.0025 CFRP 0.76 1577 105 77 
 
87.8 
152 305 55.2 0.0025 CFRP 1.14 1577 105 106.5 1.43 105.4 
152 305 55.2 0.0025 CFRP 1.14 1577 105 108 1.45 105.4 
152 305 55.2 0.0025 CFRP 1.14 1577 105 103.3 1.18 105.4 
Berthet et al. 
(2005) 
160 320 52 0.0027 CFRP 0.33 3200 230 82.6 0.83 78.8 
160 320 52 0.0027 CFRP 0.33 3200 230 82.8 0.7 78.8 
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Table A.2: (Contd.) 
Berthet et al. (2005) 
160 320 52 0.0027 CFRP 0.33 3200 230 82.3 0.76 78.8 
160 320 52 0.0027 CFRP 0.66 3200 230 108.1 1.14 107.8 
160 320 52 0.0027 CFRP 0.66 3200 230 112 1.12 107.8 
160 320 52 0.0027 CFRP 0.66 3200 230 107.9 1.12 107.8 
160 320 52 0.0027 GFRP 0.165 2500 74 64.7 0.529 76.4 
160 320 52 0.0027 GFRP 0.165 2500 74 75.1 1.132 76.4 
160 320 52 0.0027 GFRP 0.165 2500 74 76.1 1.171 76.4 
160 320 112 0.00233 CFRP 0.33 3200 230 141.1 0.451 124.6 
160 320 112 0.00233 CFRP 0.33 3200 230 143.1 0.487 124.6 
160 320 112 0.00233 CFRP 0.825 3200 230 189.5 0.723 150.8 
160 320 112 0.00233 CFRP 0.825 3200 230 187.9 0.701 150.8 
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Table A.2: (Contd.) 
Mandal et al. (2005) 
102 200 54.4 0.0024 GFRP 0.8 784 47 72.1 0.8 78.5 
102 200 67.1 0.0022 GFRP 0.8 784 47 90 0.32 88.9 
102 200 80.6 0.0022 GFRP 0.8 784 47 100.4 0.33 100.1 
103 200 54.5 0.0024 GFRP 1.3 575 26.1 63.5 0.32 80.6 
105 200 54.5 0.0024 GFRP 2.6 575 26.1 84.1 0.8 108.4 
103 200 67.1 0.0022 GFRP 1.3 575 26.1 86.8 0.32 90.7 
105 200 67.1 0.0022 GFRP 2.6 575 26.1 95 0.38 116.8 
103 200 80.6 0.0022 GFRP 1.3 575 26.1 102.7 0.37 101.7 
Valdmanis et al. (2007) 
150 300 61.6 0.0017 CFRP 0.17 4500 234 80.5 0.27 77.5 
150 300 61.6 0.0017 CFRP 0.34 4500 234 95.3 0.32 96.4 
150 300 61.6 0.0018 CFRP 0.51 4500 234 104.9 0.36 115.3 
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Table A.2: (Contd.) 
Wang and Wu (2008) 
150 300 52.1 0.0027 CFRP 0.165 3788 225.7 68 
 
67.0 
150 300 52.1 0.0027 CFRP 0.165 3788 225.7 69.2 
 
67.0 
150 300 52.1 0.0027 CFRP 0.165 3788 225.7 66.5 
 
67.0 
150 300 52.1 0.0027 CFRP 0.33 3788 225.7 100 
 
84.4 
150 300 52.1 0.0027 CFRP 0.33 3788 225.7 94.9 
 
84.4 
150 300 52.1 0.0027 CFRP 0.33 3788 225.7 103 
 
84.4 
C. Aire et al. (2010) 
150 300 69 0.0024 CFRP 0.117 3900 240 94 0.27 77.0 
150 300 69 0.0024 CFRP 0.351 3900 240 98 0.78 99.3 
150 300 69 0.0024 CFRP 0.702 3900 240 156 1.63 132.8 
150 300 69 0.0024 CFRP 1.053 3900 240 199 2.28 166.3 
150 300 69 0.0024 CFRP 1.404 3900 240 217 2.39 199.9 
150 300 69 0.0024 CFRP 0.149 3000 65 79 0.24 73.4 
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Table A.2: (Contd.) 
C. Aire et al. (2010)  
150 300 69 0.0024 CFRP 0.447 3000 65 83 0.26 91.0 
150 300 69 0.0024 CFRP 0.894 3000 65 107 0.62 117.4 
150 300 69 0.0024 CFRP 1.341 3000 65 140 1.41 143.8 
150 300 69 0.0024 CFRP 1.788 3000 65 170 1.47 170.2 
Benzaid et al. (2010) 
160 320 49.5 0.00169 CFRP 3 450 34 82.91 0.73 87.6 
160 320 49.5 0.00169 CFRP 3 450 34 82.91 0.73 87.6 
160 320 61.81 0.0024 CFRP 1 450 34 62.7 0.33 71.7 
160 320 61.81 0.0024 CFRP 3 450 34 93 1.054 96.9 
Cui and Sheikh (2010) 
 
152 305 80 0.00241 CFRP 1 850 85 90.9 0.525 101.5 
152 305 80 0.00241 CFRP 1 850 85 105.3 0.74 101.5 
152 305 80 0.00241 CFRP 2 850 85 142.1 1.125 126.1 
152 305 80 0.00241 CFRP 2 850 85 140.8 0.974 126.1 
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Table A.2: (Contd.) 
Cui and Sheikh 
(2010) 
 
152 305 80 0.00241 CFRP 3 850 85 172.9 1.48 150.6 
152 305 80 0.00241 CFRP 3 850 85 181.8 1.47 150.6 
152 305 110 0.00262 CFRP 1 850 85 107.3 0.52 124.6 
152 305 110 0.00262 CFRP 1 850 85 116.6 0.55 124.6 
152 305 110 0.00262 CFRP 3 850 85 198.4 0.84 162.3 
152 305 110 0.00262 CFRP 3 850 85 182.3 0.73 162.3 
152 305 85.6 0.00258 ST200 CARBON 1 405 27 64.4 0.443 91.9 
152 305 85.6 0.00258 ST200 CARBON 1 405 27 66.6 0.44 91.9 
152 305 85.6 0.00258 ST200 CARBON 2 405 27 78.9 0.56 102.0 
152 305 85.6 0.00258 ST200 CARBON 2 405 27 86.1 0.58 102.0 
152 305 85.6 0.00258 ST200 CARBON 4 405 27 125.4 0.99 122.2 
152 305 85.6 0.00258 ST200 CARBON 4 405 27 126.5 0.99 122.2 
 
271 
 
 
 
  
Table A.2: (Contd.) 
Cui and Sheikh 
(2010) 
 
152 305 111.8 0.00261 ST200 CARBON 2 405 27 101.1 0.324 123.0 
152 305 111.8 0.00261 ST200 CARBON 2 405 27 94.3 0.48 123.0 
152 305 111.8 0.00261 ST200 CARBON 5 405 27 152.1 0.496 147.3 
152 305 111.8 0.00261 ST200 CARBON 5 405 27 145.3 0.58 147.3 
152 305 85.6 0.00258 HM300S CARBON 1 542 71 91.5 0.42 99.1 
152 305 85.6 0.00258 HM300S CARBON 1 542 71 94.5 0.54 99.1 
152 305 85.6 0.00258 HM300S CARBON 2 542 71 117.7 0.71 115.6 
152 305 85.6 0.00258 HM300S CARBON 2 542 71 117.5 0.55 115.6 
152 305 85.6 0.00258 HM300S CARBON 4 542 71 161.6 1.02 148.5 
152 305 85.6 0.00258 HM300S CARBON 4 542 71 162.6 0.95 148.5 
152 305 111.8 0.00261 HM300S CARBON 2 542 71 139.1 0.323 133.8 
152 305 111.8 0.00261 HM300S CARBON 2 542 71 123.3 0.31 133.8 
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Table A.2: (Contd.) 
Cui and Sheikh 
(2010) 
 
152 305 111.8 0.00261 HM300S CARBON 5 542 71 176.4 0.49 172.5 
152 305 111.8 0.00261 HM300S CARBON 5 542 71 172.5 0.5 172.5 
152 305 79.9 0.0024 GFRP 1 620 26.8 66.7 0.758 89.8 
152 305 79.9 0.0024 GFRP 1 620 26.8 74.7 0.878 89.8 
152 305 79.9 0.0024 GFRP 2 620 26.8 92.5 0.863 103.8 
152 305 79.9 0.0024 GFRP 2 620 26.8 94.1 0.775 103.8 
152 305 79.9 0.0024 GFRP 3 620 26.8 120.8 1.255 117.8 
152 305 79.9 0.0024 GFRP 3 620 26.8 126.1 1.182 117.8 
152 305 110.6 0.00262 GFRP 2 620 26.8 106.3 0.665 126.9 
152 305 110.6 0.00262 GFRP 2 620 26.8 100.3 0.459 126.9 
152 305 110.6 0.00262 GFRP 4 620 26.8 174.6 0.949 149.0 
152 305 110.6 0.00262 GFRP 4 620 26.8 172.9 1.282 149.0 
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Table A.2: (Contd.) 
Xiao et al. (2010) 
152 305 70.8 0.0032 
 
0.34 2737.7 237.8 104.2 1.07 92.6 
152 305 70.8 0.0032 
 
0.34 2737.7 237.8 110.3 1.43 92.6 
152 305 70.8 0.0032 
 
1.02 2737.7 237.8 180.5 2.16 141.9 
152 305 70.8 0.0032 
 
1.02 2737.7 237.8 197.7 2.33 141.9 
152 305 70.8 0.0032 
 
1.7 2737.7 237.8 191.5 2.28 191.3 
152 305 70.8 0.0032 
 
1.7 2737.7 237.8 162.4 1.39 191.3 
152 305 111.6 0.0034 
 
0.68 2737.7 237.8 141.2 0.97 141.4 
152 305 111.6 0.0034 
 
0.68 2737.7 237.8 134 0.75 141.4 
152 305 111.6 0.0034 
 
1.02 2737.7 237.8 170.4 0.98 158.5 
152 305 111.6 0.0034 
 
1.02 2737.7 237.8 176.6 1.12 158.5 
152 305 111.6 0.0034 
 
1.7 2737.7 237.8 217.3 1.56 192.8 
152 305 111.6 0.0034 
 
1.7 2737.7 237.8 217.1 1.6 192.8 
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Table A.2: (Contd.) 
Ozbakkaloglu and Akin 
(2011) 
152.5 305 100 0.0034 CFRP 0.468 3800 240 98.9 0.93 128.9 
152.5 305 108 0.0035 CFRP 0.468 3800 240 103.3 0.96 133.9 
152.5 305 110 0.0035 CFRP 0.702 3800 240 122.3 1.13 150.2 
152.5 305 94 0.0033 CFRP 0.702 3800 240 124.4 1.16 142.8 
152.5 305 100 0.0034 AFRP 0.8 2900 120 122.3 1.45 137.0 
152.5 305 102 0.0034 AFRP 0.8 2900 120 118.7 1.29 138.1 
152.5 305 106 0.0035 AFRP 1.2 2900 120 154.7 1.7 160.2 
152.5 305 106 0.0035 AFRP 1.2 2900 120 153.2 1.7 160.2 
Park et al. (2011)  
150 300 54 
 
GFRP Tube 3 530 56.12 95.5 
 
106.7 
150 300 54 
 
GFRP Tube 3 530 56.12 114.7 
 
106.7 
150 300 54 
 
GFRP Tube 3 530 56.12 111.7 
 
106.7 
150 300 54 
 
GFRP Tube 3 607 56.99 206.4 
 
152.5 
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Table A.2: (Contd.) 
Park et al. (2011)  
150 300 54 
 
GFRP Tube 5 607 56.99 198.9 
 
152.5 
150 300 54 
 
GFRP Tube 5 607 56.99 189.1 
 
152.5 
150 300 54 
 
GFRP Tube 3 530 56.12 115.3 
 
106.7 
150 300 54 
 
GFRP Tube 3 530 56.12 113.4 
 
106.7 
150 300 54 
 
GFRP Tube 3 530 56.12 108.5 
 
106.7 
Wang and Wu (2011) 
70 210 51.63 
 
AFRP 0.057 2060 118 65.97 0.403 56.5 
70 210 51.63 
 
AFRP 0.095 2060 118 72.63 0.53 61.3 
70 210 51.63 
 
AFRP 0.191 2060 118 111.43 0.567 73.5 
105 315 50.64 
 
AFRP 0.072 2060 118 59.48 0.331 54.4 
105 315 50.64 
 
AFRP 0.143 2060 118 62.69 0.387 60.5 
105 315 50.64 
 
AFRP 0.286 2060 118 69.02 0.423 72.7 
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Table A.2: (Contd.) 
Vincent and Ozbakkaloglu 
(2013) 
152 305 64.5 0.0027 CFRP 0.117 3800 240 65.6 0.59 72.7 
152 305 64.5 0.0027 CFRP 0.234 3800 240 68.7 0.57 83.9 
152 305 62.9 0.0027 CFRP 0.351 3800 240 66.3 0.65 94.0 
152 305 64.5 0.0027 CFRP 0.117 3800 240 72.3 0.93 72.7 
152 305 62.4 0.0027 CFRP 0.234 3800 240 68.4 0.71 82.3 
152 305 64.2 0.0027 CFRP 0.351 3800 240 68.2 0.82 94.9 
152 305 64.5 0.0027 CFRP 0.117 3800 240 85.9 1.19 72.7 
152 305 64.5 0.0027 CFRP 0.234 3800 240 80.3 1 83.9 
152 305 64.5 0.0027 CFRP 0.117 3800 240 99.4 1.38 72.7 
152 305 62.4 0.0027 CFRP 0.234 3800 240 101.3 1.41 82.3 
152 305 65.8 0.0027 CFRP 0.351 3800 240 104.3 1.36 96.0 
152 305 108 0.0027 CFRP 0.117 3800 240 117.4 0.96 110.8 
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Table A.2: (Contd.) 
Vincent and Ozbakkaloglu 
(2013) 
152 305 112 0.0027 CFRP 0.117 3800 240 121.2 1.09 114.3 
152 305 110 0.0027 CFRP 0.117 3800 240 122.3 1.13 112.5 
152 305 59 0.0026 CFRP TUBE 0.117 3800 240 58.8 0.72 68.0 
152 305 59 0.0026 CFRP TUBE 0.234 3800 240 60.1 0.56 79.6 
152 305 59 0.0026 CFRP TUBE 0.351 3800 240 57.3 0.55 91.3 
152 305 62 0.0026 CFRP TUBE 0.117 3800 240 66.8 0.84 70.6 
152 305 59 0.0026 CFRP TUBE 0.234 3800 240 65.4 1.05 79.6 
152 305 59 0.0026 CFRP TUBE 0.351 3800 240 68.4 0.95 91.3 
152 305 59 0.0026 CFRP TUBE 0.117 3800 240 79.2 1.24 68.0 
152 305 65 0.0026 CFRP TUBE 0.234 3800 240 78 1.2 84.3 
152 305 59 0.0026 CFRP TUBE 0.351 3800 240 81.6 1.54 91.3 
152 305 59 0.0026 CFRP TUBE 0.117 3800 240 76 1 68.0 
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Table A.2: (Contd.) 
Vincent and Ozbakkaloglu 
(2013) 
152 305 59 0.0026 CFRP TUBE 0.234 3800 240 88 1.36 79.6 
152 305 59 0.0026 CFRP TUBE 0.351 3800 240 81.3 1.23 91.3 
152 305 92 0.0032 CFRP TUBE 0.117 3800 240 96.7 0.5 96.8 
152 305 85.6 0.0031 CFRP TUBE 0.234 3800 240 91 0.45 100.7 
152 305 92 0.0032 CFRP TUBE 0.351 3800 240 97.6 
 
114.9 
152 305 93.1 0.0033 CFRP TUBE 0.117 3800 240 97.9 0.6 97.8 
152 305 83.1 0.0031 CFRP TUBE 0.234 3800 240 95.6 0.65 98.7 
152 305 80.4 0.003 CFRP TUBE 0.351 3800 240 89.7 0.46 106.5 
152 305 92.7 0.0032 CFRP TUBE 0.117 3800 240 101.3 0.81 97.4 
152 305 94.7 0.0033 CFRP TUBE 0.234 3800 240 103.4 0.89 108.0 
152 305 90.1 0.0032 CFRP TUBE 0.351 3800 240 96 0.82 113.5 
152 305 97.5 0.0033 CFRP TUBE 0.117 3800 240 107.2 1.01 101.6 
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Table A.2: (Contd.) 
Vincent and 
Ozbakkaloglu (2013) 
152 305 93 0.0033 CFRP TUBE 0.234 3800 240 97.9 0.92 106.6 
152 305 100 0.0034 CFRP TUBE 0.351 3800 240 107.9 0.93 120.6 
152 305 87 0.0031 CFRP TUBE 0.117 3800 240 110.8 0.83 92.4 
152 305 102.5 0.0034 CFRP TUBE 0.234 3800 240 119.2 1.06 114.2 
152 305 102.5 0.0034 CFRP TUBE 0.351 3800 240 112.8 1.01 122.4 
152 305 102.5 0.0034 CFRP TUBE 0.117 3800 240 126 1.15 106.0 
152 305 94 0.0033 CFRP TUBE 0.234 3800 240 124.4 1.16 107.4 
152 305 93 0.0033 CFRP TUBE 0.351 3800 240 108.2 0.85 115.6 
C Fibre tensile strength and modulus of elasticity are given in N/mm-ply. 
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Table A.3. Database of FRP confined non-circular solid concrete specimens 
Study 
Specimen geometry 
Concrete 
properties 
FRP properties f'cc 
exp. 
(MPa) 
  
ԑccX10
-3 
exp. 
(mm) 
  
f’cc 
predicted 
(MPa) 
  
𝑏 
(mm) 
ℎ 
(mm) 
𝐿 
(mm) 
𝑅 
(mm) 
f’co 
(MPa) 
ԑco 
(mm) 
Type 
𝑡𝑥𝑛 
(mm) 
ff 
(MPa) 
Ef 
(GPa) 
Demers 
and Neale 
(1994)e 
152 152 505 5 32.3 
 
GFRP 1.05 220 239 31.81 
 
36.2 
152 152 505 5 32.3 
 
GFRP 1.05 220 239 33.01 
 
36.2 
152 152 505 5 32.3 
 
CFRP 0.9 380 239 34.1 
 
36.9 
152 152 505 5 32.3 
 
CFRP 0.9 380 239 35.2 
 
36.9 
152 152 505 5 32.3   CFRP 0.9 380 239 34.98   36.9 
Rochette 
and 
Labossiere 
(2000) 
152 152 500 5 42 0.0025 CFRP 0.9 1265 82.7 39.48 0.69 47.7 
152 152 500 25 42 0.0025 CFRP 0.9 1265 82.7 41.58 0.94 53.9 
152 152 500 25 42 0.0025 CFRP 0.9 1265 82.7 43.26 0.89 53.9 
152 152 500 38 42 0.0025 CFRP 0.9 1265 82.7 47.46 1.08 62.2 
152 152 500 38 42 0.0025 CFRP 0.9 1265 82.7 50.4 1.16 62.2 
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Table A.3: (Contd.) 
Rochette and 
Labossiere 
(2000) 
152 152 500 5 43.9 0.0025 CFRP 1.5 1265 82.7 43.9 1.02 54.5 
152 152 500 25 43.9 0.0025 CFRP 1.2 1265 82.7 50.92 1.35 60.4 
152 152 500 25 43.9 0.0025 CFRP 1.5 1265 82.7 47.85 0.9 64.7 
152 152 500 25 35.8 0.0025 CFRP 1.2 1265 82.7 52.27 2.04 53.6 
152 152 500 25 35.8 0.0025 CFRP 1.5 1265 82.7 57.64 2.12 58.4 
152 152 500 38 35.8 0.0025 CFRP 1.2 1265 82.7 59.428 1.92 65.1 
152 152 500 38 35.8 0.0025 CFRP 1.5 1265 82.7 68.74 2.39 72.8 
152 203 500 25 42 0.0025 CFRP 0.9 1265 82.7 42 0.79 45.8 
152 203 500 38 42 0.0025 CFRP 0.9 1265 82.7 43.7 0.85 46.9 
152 203 500 5 43.9 0.0025 CFRP 1.5 1265 82.7 44.34 0.98 47.7 
152 203 500 25 43.9 0.0025 CFRP 1.2 1265 82.7 44.34 0.93 49.5 
152 152 500 5 43 0.0025 AFRP 1.26 230 13.6 50.74 1.06 42.9 
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Table A.3: (Contd.) 
Rochette and 
Labossiere 
(2000) 
152 152 500 5 43 0.0025 AFRP 2.52 230 13.6 51.6 1.49 44.7 
152 152 500 5 43 0.0025 AFRP 3.78 230 13.6 53.75 2.08 46.6 
152 152 500 5 43 0.0025 AFRP 5.04 230 13.6 54.18 1.24 48.5 
152 152 500 25 43 0.0025 AFRP 1.26 230 13.6 51.17 0.79 44.5 
152 152 500 25 43 0.0025 AFRP 2.52 230 13.6 51.17 0.97 48.1 
152 152 500 25 43 0.0025 AFRP 3.78 230 13.6 53.32 1.1 51.6 
152 152 500 25 43 0.0025 AFRP 5.04 230 13.6 55.04 1.26 55.2 
152 152 500 38 43 0.0025 AFRP 2.52 230 13.6 50.74 0.96 52.3 
152 152 500 38 43 0.0025 AFRP 3.78 230 13.6 52.9 1.18 57.9 
Parvin and Wang 
(2001) 
108 108 305 8.26 22.6 0.00164 CFRP 0.178 3800 189 34.7 
 
29.8 
108 108 305 8.26 22.6 0.00164 CFRP 0.356 3800 189 45.2 
 
38.0 
Suter and Pinzelli 
(2001)e 
150 150 300 5 33.9 
 
AFRP 0.29 2100 239 32.44 
 
37.8 
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Table A.3: (Contd.) 
Suter and Pinzelli 
(2001)e 
150 150 300 5 33.9 
 
AFRP 0.58 2100 239 37.32 
 
42.9 
150 150 300 5 34.9 
 
AFRP 0.87 2100 239 36.89 
 
48.9 
150 150 300 5 35.9 
 
AFRP 1.16 2100 239 38.4 
 
54.9 
150 150 300 25 36.6 
 
AFRP 0.29 2100 239 39.4 
 
43.8 
150 150 300 25 36.6 
 
AFRP 0.58 2100 239 43.7 
 
52.2 
150 150 300 25 36.6 
 
AFRP 0.87 2100 239 56.83 
 
60.7 
150 150 300 25 36.6 
 
AFRP 1.16 2100 239 64.85 
 
69.2 
150 150 300 5 33.9 
 
AFRP 0.234 3800 239 36.01 
 
38.6 
150 150 300 25 36.6 
 
AFRP 0.234 3800 239 41.4 
 
45.3 
150 150 300 5 33.9 
 
HMCF 0.38 2650 239 39.9 
 
40.45 
150 150 300 25 36.6 
 
HMCF 0.38 2650 239 46.44 
 
48.19 
150 150 300 5 33.9 
 
GFRP 0.616 2400 239 37.1 
 
44.56 
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Table A.3: (Contd.) 
Suter and Pinzelli 
(2001)e 
150 150 300 5 33.9 
 
GFRP 1.232 2400 239 37.9 
 
56.53 
150 150 300 25 36.6 
 
GFRP 0.616 2400 239 39.78 
 
54.95 
150 150 300 25 36.66   GFRP 1.232 2400 239 70   74.74 
Pessiki et al. (2001) 
152 152 610 38 26.4 0.0022 CFRP 1 580 38.1 41.4 1.33 38.32 
152 152 610 38 26.4 0.0022 CFRP 2 580 38.1 55.1 1.7 51.44 
Carey and Harries 
(2005) 
152 152 610 11 32.4 0.002 GFRP 0.24 938 59 37.4 
 
32.84 
152 152 610 11 31.2 0.002 GFRP 0.72 938 59 39 
 
35.6 
152 152 610 25 31.8 0.002 GFRP 0.24 938 59 37.9 
 
33.32 
152 152 610 25 31.8 0.002 GFRP 0.72 938 59 43.2   39.29 
Shehata et al. (2002) 
150 150 300 10 23.7 0.0016 CFRP 0.165 3550 235 27.4 
 
27.97 
150 150 300 10 29.5 0.0016 CFRP 0.165 3550 235 40.4 0.88 33.3 
150 150 300 10 23.7 0.0016 CFRP 0.165 3550 235 36.5 
 
33.31 
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Table A.3: (Contd.) 
Shehata et al. (2002) 
150 150 300 10 29.5 0.0016 CFRP 0.33 3550 235 43.7 1.23 38.43 
94 188 300 10 23.7 0.0014 CFRP 0.165 3550 235 25.8 
 
24.05 
94 188 300 10 28.8 0.0014 CFRP 0.165 3550 235 32 0.79 28.88 
94 188 300 10 23.7 0.0014 CFRP 0.33 3550 235 33.2 
 
25.48 
94 188 300 10 28.8 0.0014 CFRP 0.33 3550 235 38.7 0.75 30.25 
Chaallal et al. 
(2003) 
133 133 
 
25.4 21.5 
 
CFRP 0.12 3650 231 26.22 0.35 28.21 
133 133 
 
25.4 21.5 
 
CFRP 0.24 3650 231 30.77 0.42 35.9 
133 133 
 
25.4 21.5 
 
CFRP 0.36 3650 231 36.4 0.55 43.59 
133 133 
 
25.4 21.5 
 
CFRP 0.48 3650 231 42.2 0.65 51.28 
108 165 
 
25.4 25.12 
 
CFRP 0.12 3650 231 29.2 0.38 26.66 
108 165 
 
25.4 25.12 
 
CFRP 0.24 3650 231 34.4 0.5 29.35 
108 165 
 
25.4 25.12 
 
CFRP 0.36 3650 231 41.2 0.6 32.03 
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Table A.3: (Contd.) 
Chaallal et al. 
(2003) 
108 165 
 
25.4 25.12 
 
CFRP 0.48 3650 231 47.7 0.6 34.72 
95 190 
 
25.4 22.36 
 
CFRP 0.12 3650 231 28.4 0.36 22.83 
95 190 
 
25.4 22.36 
 
CFRP 0.24 3650 231 32.9 0.4 24.32 
95 190 
 
25.4 22.36 
 
CFRP 0.36 3650 231 37.95 0.65 25.8 
95 190 
 
25.4 22.36 
 
CFRP 0.48 3650 231 42.2 0.6 27.29 
133 133 
 
25.4 54.72 
 
CFRP 0.12 3650 231 59 0.28 58.06 
133 133 
 
25.4 54.72 
 
CFRP 0.24 3650 231 59.9 0.32 63.91 
133 133 
 
25.4 54.72 
 
CFRP 0.36 3650 231 64.5 0.38 69.76 
133 133 
 
25.4 54.72 
 
CFRP 0.24 3650 231 69 0.4 75.6 
108 165 
 
25.4 55.4 
 
CFRP 0.12 3650 231 59.3 0.28 55.11 
108 165 
 
25.4 55.4 
 
CFRP 0.24 3650 231 66.2 0.32 57.36 
108 165 
 
25.4 55.4 
 
CFRP 0.36 3650 231 69 0.38 59.61 
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Table A.3: (Contd.) 
Chaallal et al. 
(2003) 
108 165 
 
25.4 55.4 
 
CFRP 0.48 3650 231 73.5 0.38 61.86 
95 190 
 
25.4 48.1 
 
CFRP 0.12 3650 231 53.2 0.28 47.17 
95 190 
 
25.4 48.1 
 
CFRP 0.24 3650 231 57.4 0.3 48.44 
95 190 
 
25.4 48.1 
 
CFRP 0.36 3650 231 59.5 0.31 49.71 
95 190 
 
25.4 48.1 
 
CFRP 0.48 3650 231 60.5 0.31 50.97 
Ilki and Kumbasar 
(2003) 
250 250 500 40 32.8 0.003 CFRP 0.165 3430 235 32.7 
 
35.42 
250 250 500 40 32.8 0.003 CFRP 0.165 3430 235 32.3 1.01 35.42 
250 250 500 40 32.8 0.003 CFRP 0.495 3430 235 41.4 1.9 43.57 
250 250 500 40 32.8 0.003 CFRP 0.495 3430 235 40.6 1.8 43.57 
250 250 500 40 32.8 0.003 CFRP 0.825 3430 235 56.7 2.9 51.72 
250 250 500 40 32.8 0.003 CFRP 0.825 3430 235 53.6 2.4 51.72 
150 300 500 40 34 0.0021 CFRP 0.165 3430 235 35.2 0.91 33.64 
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Table A.3: (Contd.) 
Ilki and Kumbasar 
(2003)  
150 300 500 40 34 0.0021 CFRP 0.165 3430 235 38.7 0.8 33.64 
150 300 500 40 34 0.0021 CFRP 0.495 3430 235 40.4 2.2 35.95 
150 300 500 40 34 0.0021 CFRP 0.495 3430 235 38.4 1.3 35.95 
150 300 500 40 34 0.0021 CFRP 0.825 3430 235 49.2 2.7 38.25 
150 300 500 40 34 0.0021 CFRP 0.825 3430 235 51.3 3.1 38.25 
Lam and Teng 
(2003a) 
150 150 505 15 33.7 
 
CFRP 0.165 4519 257 35 0.74 39.07 
150 150 505 25 33.7 
 
CFRP 0.165 4519 257 39.4 0.93 40.65 
150 150 505 15 33.7 
 
CFRP 0.33 4519 257 50.4 0.87 46.04 
150 150 505 25 33.7 
 
CFRP 0.33 4519 257 61.9 0.85 49.21 
150 150 505 15 24 
 
CFRP 0.495 4519 257 61.6 1.8 45.17 
150 150 505 25 24 
 
CFRP 0.495 4519 257 66 1.52 50.61 
150 150 505 15 24 
 
CFRP 0.66 4519 257 63.7 
 
52.61 
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Table A.3: (Contd.) 
Lam and Teng 
(2003a) 
150 150 505 25 24 
 
CFRP 0.66 4519 257 80.8 
 
59.86 
150 150 505 15 41.5 
 
CFRP 0.825 4519 257 82.9 
 
72.8 
150 150 505 25 41.5 
 
CFRP 0.825 4519 257 95.2 
 
80.36 
150 225 505 15 41.5 
 
CFRP 0.66 4519 257 49.2 1.23 48.21 
150 225 505 25 41.5 
 
CFRP 0.66 4519 257 51.9 1.04 50.05 
Masia et al. (2004) 
100 100 300 25 25.5 0.0026 CFRP 0.26 3500 257 55.9 2 52.7 
100 100 300 25 22.8 0.0026 CFRP 0.26 3500 257 48.7 1.82 50.83 
100 100 300 25 25.1 0.0026 CFRP 0.26 3500 257 45.7 1.47 52.42 
100 100 300 25 23.8 0.0026 CFRP 0.26 3500 257 50.7 
 
51.52 
100 100 300 25 21.7 0.0026 CFRP 0.26 3500 257 56.2 
 
50.09 
125 125 375 25 23.7 0.0025 CFRP 0.26 3500 257 45 1.62 40.69 
125 125 375 25 22.9 0.0025 CFRP 0.26 3500 257 39.9 1.55 40.06 
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Table A.3: (Contd.) 
Masia et al. (2004) 
125 125 375 25 25.7 0.0025 CFRP 0.26 3500 257 42.1 1.72 42.27 
125 125 375 25 25.5 0.0025 CFRP 0.26 3500 257 35.5 
 
42.11 
125 125 375 25 24.3 0.0025 CFRP 0.26 3500 257 40.2 
 
41.16 
150 150 450 25 24.5 0.0023 CFRP 0.26 3500 257 35.7 1.06 35.58 
150 150 450 25 21.3 0.0023 CFRP 0.26 3500 257 36.2 1.09 32.89 
150 150 450 25 24.8 0.0023 CFRP 0.26 3500 257 36.6 1.52 35.83 
150 150 450 25 23.6 0.0023 CFRP 0.26 3500 257 36.5 
 
34.82 
150 150 450 25 25.3 0.0023 CFRP 0.26 3500 257 36 
 
36.26 
Harajili et al 
(2006) 
131.5 131.5 300 15 18.3 0.0021 
 
0.13 3500 230 29 0.95 23.41 
131.5 131.5 300 15 18.3 0.0021 CFRP 0.26 3500 230 40.2 1.5 29.34 
131.5 131.5 300 15 18.3 0.0021 CFRP 0.39 3500 230 43.3 1.9 35.27 
131.5 131.5 300 15 18.3 
 
CFRP 0.13 3500 230 25.3 1.5 23.41 
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Table A.3: (Contd.) 
Harajili et al 
(2006) 
131.5 131.5 300 15 18.3 
 
CFRP 0.26 3500 230 36.74 2.1 29.34 
131.5 131.5 300 15 18.3 
 
CFRP 0.39 3500 230 47 0.4 35.27 
102 176 300 15 18.3 0.00195 CFRP 0.13 3500 230 23.5 0.8 19.3 
102 176 300 15 18.3 0.00195 CFRP 0.26 3500 230 31 1.2 21.13 
102 176 300 15 18.3 0.00195 CFRP 0.39 3500 230 36.5 1.7 22.95 
102 176 300 15 18.3 
 
CFRP 0.13 3500 230 21.5 1.1 19.3 
102 176 300 15 18.3 
 
CFRP 0.26 3500 230 27.8 2.2 21.13 
102 176 300 15 18.3 
 
CFRP 0.39 3500 230 36.4 3.3 22.95 
79 214 300 15 18.3 0.0018 CFRP 0.13 3500 230 27.8 0.6 18.16 
79 214 300 15 18.3 0.0018 CFRP 0.26 3500 230 28.4 0.6 18.84 
79 214 300 15 18.3 0.0018 CFRP 0.39 3500 230 30.4 0.75 19.52 
79 214 300 15 18.3 
 
CFRP 0.13 3500 230 18.5 1.1 18.16 
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Table A.3: (Contd.) 
Harajili et al 
(2006) 
79 214 300 15 18.3 
 
CFRP 0.26 3500 230 22 2.4 18.84 
79 214 300 15 18.3 
 
CFRP 0.39 3500 230 28.9 2 19.52 
Al-Salloum (2007) 
150 150 500 5 28.68 0.00337 CFRP 1.2 935 75 41.18 1.167 36.27 
150 150 500 5 30.94 0.00337 CFRP 1.2 935 75 42.49 1.167 38.31 
150 150 500 25 31.82 0.00307 CFRP 1.2 935 75 48.25 6.949 46.77 
150 150 500 25 28.5 0.00307 CFRP 1.2 935 75 45.59 6.949 44.06 
150 150 500 38 27.7 0.00207 CFRP 1.2 935 75 56.96 7.907 53.37 
150 150 500 38 30.29 0.00207 CFRP 1.2 935 75 54.96 7.907 55.26 
150 150 500 50 26.72 0.00998 CFRP 1.2 935 75 61.67 11.147 55.03 
150 150 500 50 28.26 0.00998 CFRP 1.2 935 75 63.68 11.147 56.2 
Rousakis et al. 
(2007) 
200 200 320 30 33 0.00171 CFRP 0.117 3720 240 38.44 0.45 35.24 
200 200 320 30 33 0.00171 CFRP 0.117 3720 240 45.9 0.774 42.72 
 
293 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A.3: (Contd.) 
Rousakis et al. 
(2007) 
200 200 320 30 33 0.00171 CFRP 0.585 3720 240 55.64 1.104 50.20 
200 200 320 30 33 0.00171 GFRP 0.414 1820 65 42.55 0.422 36.87 
200 200 320 30 33 0.00171 GFRP 0.828 1820 65 44.41 0.774 42.558 
200 200 320 30 33 0.00171 GFRP 1.242 1820 65 51.9 1.038 48.245 
200 200 320 30 34.2 0.00186 CFRP 0.117 3720 240 42.19 0.286 36.36 
200 200 320 30 34.2 0.00186 CFRP 0.351 3720 240 45.21 0.88 43.78 
200 200 320 30 34.2 0.00186 CFRP 0.585 3720 240 54.57 1.404 51.21 
200 200 320 30 37.97 0.00224 GFRP 0.414 1820 65 40.36 0.37 41.35 
200 200 320 30 37.97 0.00224 GFRP 0.828 1820 65 52.83 0.932 46.81 
200 200 320 30 37.97 0.00224 GFRP 1.242 1820 65 59.76 2.0557 52.27 
200 200 320 30 39.91 0.00147 GFRP 0.414 1820 65 43.14 0.222 43.09 
200 200 320 30 39.91 0.00147 GFRP 0.828 1820 65 54.17 0.442 48.48 
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Table A.3: (Contd.) 
Rousakis et al. 
(2007) 
200 200 320 30 39.91 0.00147 GFRP 1.242 1820 65 59.5 1.297 53.858 
Tao et al. 
(2008) 
150 150 450 50 49.5 0.0037 CFRP 0.34 4470 239 86.1 
 
76.29 
150 150 450 20 22 0.0037 CFRP 0.17 4470 239 33.5 2.532 29.38 
150 150 450 20 22 0.0037 CFRP 0.34 4470 239 49.6 3.949 37.82 
150 150 450 20 19.5 0.0037 CFRP 0.34 4470 239 47.2 3.337 35.76 
150 150 450 35 22 0.0037 CFRP 0.34 4470 239 64.8 3.663 48.73 
150 150 450 35 19.5 0.0037 CFRP 0.34 4470 239 58.7 3.476 47.03 
150 150 450 50 22 0.0037 CFRP 0.34 4470 239 76.6 3.868 57.39 
150 150 450 50 19.5 0.0037 CFRP 0.34 4470 239 63.6 3.43 55.7 
150 230 450 20 22 0.0037 CFRP 0.17 4470 239 23.6 0.9077 23.5 
150 230 450 20 22 0.0037 CFRP 0.34 4470 239 33.2 3.313 26.07 
150 230 450 35 22 0.0037 CFRP 0.34 4470 239 40.7 2.823 27.37 
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Table A.3: (Contd.) 
Tao et al. 
(2008) 
150 230 450 50 22 0.0037 CFRP 0.34 4470 239 46.7 2.932 28.34 
150 300 450 20 19.5 0.0037 CFRP 0.17 4470 239 21.8 0.3796 19.76 
150 300 450 20 19.5 0.0037 CFRP 0.34 4470 239 23.6 2.709 20.97 
150 300 450 35 19.5 0.0037 CFRP 0.34 4470 239 30.9 2.987 21.56 
150 300 450 50 19.5 0.0037 CFRP 0.34 4470 239 34.8 3.126 22.01 
150 150 450 20 49.5 0.003 CFRP 0.17 4200 241 54.2 0.3907 53.99 
150 150 450 20 49.5 0.003 CFRP 0.34 4200 241 61.4 1.657 60.83 
150 150 450 35 49.5 0.003 CFRP 0.34 4200 241 84.9 2.084 68.32 
150 150 450 50 49.5 0.003 CFRP 0.34 4200 241 86.1 1.646 75.14 
150 230 450 20 49.5 0.003 CFRP 0.17 4200 241 50 0.3066 49.23 
150 230 450 20 49.5 0.003 CFRP 0.34 4200 241 50.5 0.289 51.31 
150 300 450 20 49.5 0.003 CFRP 0.34 4200 241 52.4 0.312 49.08 
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Table A.3: (Contd.) 
Tao et al. (2008) 
150 300 450 35 49.5 0.003 CFRP 0.34 4200 241 51.3 0.2955 49.55 
150 300 450 50 49.5 0.003 CFRP 0.34 4200 241 54.1 0.2994 49.9 
Wang and Wu 
(2008) 
150 150 300 0 31.4 0.0027 CFRP 0.165 4364 219 32 0.38 33.67 
150 150 300 0 31.2 0.0027 CFRP 0.165 4364 219 32 0.38 33.48 
150 150 300 0 32.3 0.0027 CFRP 0.165 4364 219 32.7 0.38 34.5 
150 150 300 15 32.9 0.0027 CFRP 0.165 4364 219 38.8 0.8 37.78 
150 150 300 15 32.2 0.0027 CFRP 0.165 4364 219 31 0.8 37.15 
150 150 300 15 30.7 0.0027 CFRP 0.165 4364 219 30.8 0.8 35.79 
150 150 300 30 32.6 0.0027 CFRP 0.165 4364 219 43.4 1.6 41.03 
150 150 300 30 31.1 0.0027 CFRP 0.165 4364 219 38.8 1.6 39.73 
150 150 300 30 33.1 0.0027 CFRP 0.165 4364 219 37.1 1.6 41.46 
150 150 300 45 30.1 0.0027 CFRP 0.165 4364 219 48.3 1.35 44.39 
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Table A.3: (Contd.) 
Wang and Wu 
(2008) 
150 150 300 45 32.6 0.0027 CFRP 0.165 4364 219 42.1 1.35 46.43 
150 150 300 45 29.3 0.0027 CFRP 0.165 4364 219 40.8 1.35 43.74 
150 150 300 60 30.9 0.0027 CFRP 0.165 4364 219 50.9 1.8 45.3 
150 150 300 60 31.1 0.0027 CFRP 0.165 4364 219 51.7 1.8 45.47 
150 150 300 60 33.5 0.0027 CFRP 0.165 4364 219 47.3 1.8 47.47 
150 150 300 0 31.4 0.0027 CFRP 0.33 4364 219 32.1 0.38 37.49 
150 150 300 0 31.2 0.0027 CFRP 0.33 4364 219 31.8 0.38 37.31 
150 150 300 0 32.3 0.0027 CFRP 0.33 4364 219 32.7 0.38 38.3 
150 150 300 15 32.9 0.0027 CFRP 0.33 4364 219 40.5 0.8 44.3 
150 150 300 15 32.2 0.0027 CFRP 0.33 4364 219 43.6 0.8 43.69 
150 150 300 15 30.7 0.0027 CFRP 0.33 4364 219 42.4 0.8 42.39 
150 150 300 30 32.6 0.0027 CFRP 0.33 4364 219 58.1 1.6 51.07 
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Table A.3: (Contd.) 
Wang and Wu 
(2008) 
150 150 300 30 31.1 0.0027 CFRP 0.33 4364 219 57.5 1.6 49.9 
150 150 300 30 33.1 0.0027 CFRP 0.33 4364 219 53.8 1.6 51.46 
150 150 300 45 30.1 0.0027 CFRP 0.33 4364 219 64.6 1.35 60.16 
150 150 300 45 32.6 0.0027 CFRP 0.33 4364 219 69.4 1.35 61.87 
150 150 300 45 29.3 0.0027 CFRP 0.33 4364 219 70.1 1.35 59.62 
150 150 300 60 30.9 0.0027 CFRP 0.33 4364 219 81.1 1.8 61.23 
150 150 300 60 31.1 0.0027 CFRP 0.33 4364 219 73.6 1.8 61.38 
150 150 300 60 33.5 0.0027 CFRP 0.33 4364 219 82.1 1.8 63.1 
150 150 300 0 51.2 0.0027 CFRP 0.165 4364 219 52.4 0.38 52.07 
150 150 300 0 53.3 0.0027 CFRP 0.165 4364 219 54.6 0.38 54.03 
150 150 300 0 52 0.0027 CFRP 0.165 4364 219 54.1 0.38 52.82 
150 150 300 15 52.1 0.0027 CFRP 0.165 4364 219 55 0.8 55.36 
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Table A.3: (Contd.) 
Wang and Wu 
(2008) 
150 150 300 15 54.7 0.0027 CFRP 0.165 4364 219 56.1 0.8 57.75 
150 150 300 15 55.2 0.0027 CFRP 0.165 4364 219 56.2 0.8 58.21 
150 150 300 30 53.5 0.0027 CFRP 0.165 4364 219 56.2 1.6 59.37 
150 150 300 30 53.1 0.0027 CFRP 0.165 4364 219 55.5 1.6 59.01 
150 150 300 30 49.4 0.0027 CFRP 0.165 4364 219 56 1.6 55.74 
150 150 300 45 53.2 0.0027 CFRP 0.165 4364 219 56.4 1.35 63.69 
150 150 300 45 51.5 0.0027 CFRP 0.165 4364 219 58.4 1.35 62.24 
150 150 300 45 53.3 0.0027 CFRP 0.165 4364 219 57.9 1.35 63.78 
150 150 300 60 53.9 0.0027 CFRP 0.165 4364 219 62.4 1.8 64.55 
150 150 300 60 52 0.0027 CFRP 0.165 4364 219 62.7 1.8 62.93 
150 150 300 60 52.3 0.0027 CFRP 0.165 4364 219 62.8 1.8 63.19 
150 150 300 0 51.2 0.0027 CFRP 0.33 4364 219 56.2 0.38 55.48 
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Table A.3: (Contd.) 
Wang and Wu 
(2008) 
150 150 300 0 53.3 0.0027 CFRP 0.33 4364 219 55 0.38 57.4 
150 150 300 0 52 0.0027 CFRP 0.33 4364 219 56.7 0.38 56.22 
150 150 300 15 52.1 0.0027 CFRP 0.33 4364 219 59.6 0.8 61.19 
150 150 300 15 54.7 0.0027 CFRP 0.33 4364 219 59.6 0.8 63.51 
150 150 300 15 55.2 0.0027 CFRP 0.33 4364 219 59 0.8 63.95 
150 150 300 30 53.5 0.0027 CFRP 0.33 4364 219 65.2 1.6 67.89 
150 150 300 30 53.1 0.0027 CFRP 0.33 4364 219 61.4 1.6 67.56 
150 150 300 30 49.4 0.0027 CFRP 0.33 4364 219 62.5 1.6 64.52 
150 150 300 45 53.2 0.0027 CFRP 0.33 4364 219 81.3 1.35 76.82 
150 150 300 45 51.5 0.0027 CFRP 0.33 4364 219 78.8 1.35 75.54 
150 150 300 45 53.3 0.0027 CFRP 0.33 4364 219 80.9 1.35 76.89 
150 150 300 60 53.9 0.0027 CFRP 0.33 4364 219 87.9 1.8 77.87 
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Table A.3: (Contd.) 
Wang and Wu 
(2008) 
150 150 300 60 52 0.0027 CFRP 0.33 4364 219 90.9 1.8 76.44 
150 150 300 60 52.3 0.0027 CFRP 0.33 4364 219 90.4 1.8 76.67 
Abbasnia and 
Ziaadiny (2010) 
152 152 300 29 30 
 
CFRP 0.528 3943.5 241 58.86 1.758 57.66 
152 152 300 29 27   CFRP 0.528 3943.5 241 61.76 2.562 55.59 
Abbasnia et al. 
(2012a) 
152 152 300 29 50 
 
CFRP 0.704 3943.5 241 77.08 1.2 80.65 
90 152 300 17.5 30   CFRP 0.528 3943.5 241 52.76 2.015 38.75 
Abbasnia et al. 
(2012b) 
150 150 300 13.6 33 
 
CFRP 0.352 3943.5 241 44.51 
 
44.32 
150 150 300 22.6 33 
 
CFRP 0.352 3943.5 241 48.7 
 
47.14 
150 150 300 34.5 33 
 
CFRP 0.352 3943.5 241 49.81 
 
55.02 
150 150 300 42 33   CFRP 0.352 3943.5 241 55.4   60.45 
Wang and Wu 
(2010) 
100 100 300 10 46.43 0.00255 AFRP 0.286 2060 11.8 55.12 0.22 46.36 
100 100 300 10 46.43 0.00255 AFRP 0.572 2060 11.8 62.02 0.304 50.18 
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Table A.3: (Contd.) 
Wang and Wu 
(2010) 
100 100 300 10 46.43 0.00255 AFRP 0.858 2060 11.8 66.58 0.322 54.0 
100 100 300 10 78.5 0.00449 AFRP 0.286 2060 11.8 96.06 0.404 75.2 
100 100 300 10 78.5 0.00448 AFRP 0.572 2060 11.8 97.57 0.318 78.4 
100 100 300 10 78.5 0.0045 AFRP 0.858 2060 11.8 106.02 0.469 81.6 
100 100 300 10 101.18 0.0045 AFRP 0.286 2060 11.8 103.52 0.351 95.5 
100 100 300 10 101.18 0.00456 AFRP 0.572 2060 11.8 113.03 0.461 98.3 
100 100 300 10 101.18 0.00456 AFRP 0.858 2060 11.8 121.52 0.501 101.2 
Wu and Wei 
(2010)  
150 150 300 30 32.34 0.0019 CFRP 0.167 4192 230 40.5 1.54 40.8 
150 150 300 30 35.93 0.0019 CFRP 0.167 4192 230 40.67 1.1 43.9 
150 150 300 30 42.38 0.0019 CFRP 0.167 4192 230 42.47 0.5 49.5 
150 150 300 30 32.34 0.0019 CFRP 0.334 4192 230 59.22 2.32 50.7 
150 150 300 30 35.93 0.0019 CFRP 0.334 4192 230 59.63 1.74 53.6 
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Table A.3: (Contd.) 
Wu and Wei 
(2010) 
150 150 300 30 42.38 0.0019 CFRP 0.334 4192 230 62.25 2.07 58.72 
150 188 300 30 34.23 0.00235 CFRP 0.167 4192 230 37.98 0.65 37.17 
150 188 300 30 32.91 0.00235 CFRP 0.167 4192 230 38.89 0.64 35.95 
150 188 300 30 39.91 0.00235 CFRP 0.167 4192 230 39.44 0.7 42.42 
150 188 300 30 34.23 0.00235 CFRP 0.334 4192 230 48.84 1.22 41.75 
150 188 300 30 32.91 0.00235 CFRP 0.334 4192 230 51.9 1.12 40.57 
150 188 300 30 39.91 0.00235 CFRP 0.334 4192 230 53.33 2.09 46.85 
150 225 300 30 35.77 0.0032 CFRP 0.167 4192 230 37.56 0.56 36.77 
150 225 300 30 36.56 0.0032 CFRP 0.167 4192 230 35.62 0.4 37.51 
150 225 300 30 39.74 0.0032 CFRP 0.167 4192 230 39.23 0.56 40.49 
150 225 300 30 35.77 0.0032 CFRP 0.334 4192 230 34.02 1.42 39.5 
150 225 300 30 36.56 0.0032 CFRP 0.334 4192 230 45.23 1.55 40.22 
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Table A.3: (Contd.) 
Wu and Wei (2010) 
150 225 300 30 39.74 0.0032 CFRP 0.334 4192 230 43.35 1.3 43.15 
150 263 300 30 36.47 0.0031 CFRP 0.167 4192 230 35.2 0.44 36.44 
150 263 300 30 38.12 0.0031 CFRP 0.167 4192 230 37.79 0.42 37.99 
150 263 300 30 38.93 0.0031 CFRP 0.167 4192 230 37.58 0.43 38.76 
150 263 300 30 36.47 0.0031 CFRP 0.334 4192 230 38.87 0.45 38.16 
150 263 300 30 38.12 0.0031 CFRP 0.334 4192 230 41.38 0.56 39.7 
150 263 300 30 38.93 0.0031 CFRP 0.334 4192 230 41.28 0.45 40.46 
150 300 300 30 33.91 0.003 CFRP 0.167 4192 230 36.64 0.47 33.47 
150 300 300 30 36.78 0.003 CFRP 0.167 4192 230 37.66 0.44 36.18 
150 300 300 30 39.94 0.003 CFRP 0.167 4192 230 38.02 0.38 39.17 
150 300 300 30 33.91 0.003 CFRP 0.334 4192 230 38.58 0.44 34.66 
150 300 300 30 36.78 0.003 CFRP 0.334 4192 230 39.06 0.42 37.35 
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Table A.3: (Contd.) 
Wu and Wei 
(2010) 
150 300 300 30 39.94 0.003 CFRP 0.334 4192 230 39.26 0.41 40.31 
Erdil et al. (2012) 150 150 300 25 10 0.005 
 
0.165 3430 230 25.8 2.6 18.1 
Wang et al. (2011)  
305 305 915 30 25.5 0.004 CFRP 0.167 4340 230 17.2 0.786 27.68 
305 305 915 30 25.5 0.004 CFRP 0.334 4340 230 24.4 1.77 31.1 
204 204 612 20 25.5 0.004 CFRP 0.167 4340 230 25 1.74 29.37 
204 204 612 20 25.5 0.004 CFRP 0.334 4340 230 31.4 2.287 34.48 
204 204 612 20 25.5 0.004 CFRP 0.167 4340 230 24.6 1.699 29.37 
204 204 612 20 25.5 0.004 CFRP 0.334 4340 230 27.9 2.81 34.48 
204 204 612 20 25.5 0.004 CFRP 0.167 4340 230 23.5 2.22 29.37 
204 204 612 20 25.5 0.004 CFRP 0.334 4340 230 32.1 3.162 34.48 
200 200 600 15 16.5 0.00207 CFRP 0.094 4800 240 19.8 0.212 18.79 
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Table A.3: (Contd.) 
Colajanni et al. 
(2014) 
200 200 600 15 16.5 0.00207 CFRP 0.188 4800 240 23.26 0.415 21.89 
200 200 600 30 16.5 0.00207 CFRP 0.094 4800 240 19.14 0.263 19.71 
200 200 600 30 16.5 0.00207 CFRP 0.188 4800 240 23.1 0.771 23.74 
200 400 600 15 15 0.00207 CFRP 0.094 4800 240 19.35 0.424 14.71 
200 400 600 15 15 0.00207 CFRP 0.188 4800 240 20.85 0.565 15.16 
200 400 600 30 15 0.00207 CFRP 0.094 4800 240 18.9 0.39 14.83 
200 400 600 30 15 0.00207 CFRP 0.188 4800 240 21.75 0.367 15.4 
C Fibre tensile strength and modulus of elasticity are given in N/mm-ply. 
eCited in Lam and Teng (2003a) 
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Table A.4. Database of FRP confined circular hollow concrete specimens 
Study 
Specimen geometry 
Concrete 
properties 
FRP properties 
f'cc exp. 
(MPa) 
ԑcc 
exp. 
(mm) 
f’cc 
predicted 
(MPa) 
𝐷 
(mm) 
𝐿 
(mm) 
𝐷ℎ 
(mm) 
f’co 
(MPa) 
ԑ𝑐𝑜 
(mm) 
FRP type 
𝑡𝑥𝑛 
(mm) 
 𝑓𝑓 
(MPa) 
Ef 
(GPa) 
Fam and 
Rizkalla 
(2001a) 
 
219 438 42 58  GFRP tube 1.5 548 33.4 59  58.30 
219 438 76 58  GFRP tube 1.5 548 33.4 52.5  50.27 
168 336 88 58  GFRP tube 1.5 548 33.4 58  53.78 
219 438 88 58  GFRP tube 1.5 548 33.4 57  58.30 
Modarelli et 
al. (2005) 
150 300 50 28.35  CFRP 0.165 3068 221 45  38.83 
150 300 50 28.35  CFRP 0.33 3068 221 51  52.67 
150 300 50 28.35  CFRP 0.495 3068 221 71.5  66.96 
150 300 50 38.24  CFRP 0.165 3068 221 47.8  46.23 
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Table A.4: (Contd.) 
Modarelli 
et al. 
(2005) 
150 300 50 38.24  CFRP 0.33 3068 221 59  59.95 
250 500 150 28.35  CFRP 0.165 3068 221 26.5  25.74 
250 500 150 28.35  CFRP 0.33 3068 221 34  32.49 
250 500 150 28.35  CFRP 0.495 3068 221 36  39.25 
250 500 150 38.24  CFRP 0.165 3068 221 31.7  32.09 
250 500 150 38.24  CFRP 0.33 3068 221 39  38.58 
(Wong et 
al. 2008) 
152 305 42 37  FRP tube 0.34 1825.5 80 47  47.96 
152 305 76 47  FRP tube 0.34 1825.5 80 46  45.84 
152 305 88 33  FRP tube 0.34 1825.5 80 44.8  33.78 
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Table A.4: (Contd.) 
(Wong et 
al. 2008) 
152 305 88 37  FRP tube 0.34 1825.5 80 42.6  36.35 
152 305 88 33  FRP tube 0.51 1825.5 80 50.7  39.71 
152 305 88 37  FRP tube 0.51 1825.5 80 48.3  42.24 
152 305 115 37  FRP tube 0.34 1825.5 80 43.5  36.35 
152 305 115 37  FRP tube 0.51 1825.5 80 44  42.24 
152 305 115 40  FRP tube 0.34 1825.5 80 40.3  38.27 
Jameel et 
al. (2017) 
106X106 300 35x35 45  CFRP 1 1102 68c 58 1.83 57.5 
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Table A.5. Database of FRP confined square hollow concrete specimens 
Study 
Specimen geometry 
Concrete 
properties 
FRP properties 
f'cc 
exp. 
(MPa) 
ԑcc 
exp. 
(mm) 
f’cc 
predicted 
(MPa) 
𝑏 x ℎ 
 (mm) 
𝐿 
(mm) 
𝑏ℎx ℎℎ 
(mm) 
𝑅 
(mm) 
f’co 
(MPa) 
ԑ𝑐𝑜 
(mm) 
FRP 
type 
𝑡𝑥𝑛 
(mm) 
 𝑓𝑓 
(MPa) 
Ef 
(GPa) 
Modarelli 
et al. 
(2005) 
150x150 300 50x50 25 28.35  CFRP 0.33 3068 221 39.4  35.16 
150x150 300 50x50 25 38.24  CFRP 0.33 3068 221 48.5  43.16 
150x200 400 50x100 25 28.35  CFRP 0.165 3068 221 22  23.85 
150x200 400 50x100 25 28.35  CFRP 0.33 3068 221 30  26.02 
150x200 400 50x100 25 28.35  GFRP 0.46 1957 86 23.5  24.82 
150x300 600 50x200 25 28.35  CFRP 0.165 3068 221 23  19.56 
150x300 600 50x200 25 28.35  CFRP 0.33 3068 221 24  20.15 
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Table A.5: (Contd.) 
Yu and Teng (2012) 
150x150 300 𝐷ℎ=76.3 25 37  GFRP tube 2 310.3 33.4 40  39.15 
150x150 300 𝐷ℎ=76.3 25 37  GFRP tube 3 310.3 33.4 43  43.21 
150x200 300 𝐷ℎ=114.5 25 37  GFRP tube 2 310.3 33.4 40.6  31.86 
150x200 300 𝐷ℎ=114.5 25 37  GFRP tube 3 310.3 33.4 42.4  35.17 
Jameel et al. (2017) 106X106 300 𝐷ℎ=35X35 20 45  CFRP 1 1102
 68c 58  57.5 
 
